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Abstract
By virtue of their landing on Earth, meteorites reside in near-Earth object (NEO)
orbits prior to their arrival. Thus the population of observable NEOs, in principle, gives
the best representation of meteorite source bodies. By linking meteorites to NEOs, and
linking NEOs to their most likely main-belt source locations, we seek to gain insight into
the original solar system formation locations for different meteorite classes. To forge the
first link between meteorites and NEOs, we have developed a three dimensional method
for quantitative comparisons between laboratory measurements of meteorites and
telescopic measurements of near-Earth objects. We utilize meteorite spectra from the
Reflectance Experiment Laboratory (RELAB) database and NEO data from the SpeX
instrument on the NASA Infrared Telescope Facility (IRTF). Using the Modified
Gaussian Model (MGM) as a mathematical tool, we treat asteroid and meteorite spectra
identically in the calculation of 1-micron and 2-micron geometric band centers and their
band area ratios (BARs). Using these identical numerical parameters we quantitatively
compare the spectral properties of S-, Sq-, Q- and V-type NEOs with the spectral
properties of the meteorites in the H, L, LL and HED meteorite classes. For each NEO
spectrum, we assign a set of probabilities for it being related to each of these meteorite
classes. Our NEO-meteorite correlation probabilities are then convolved with NEO-
source region probabilities to yield a final set of meteorite-source region correlations. An
apparent (significant at the 2.1-sigma level) source region signature is found for the H
chondrites to be preferentially delivered to the inner solar system through the 3:1 mean
motion resonance. A 3:1 resonance H chondrite source region is consistent with the short
cosmic ray exposure ages known for H chondrites.
The spectroscopy of asteroids is subject to several sources of inherent error. The
source region model used a variety of S-type spectra without attempting to infer
mineralogy. Yet work by Gaffey et al. (1993) describes the S-asteroid class as home to a
wide variety of mineralogies. Using data from the Small Main-belt Asteroid
Spectroscopic Survey (SMASS), the 24-color asteroid survey and the 52-color asteroid
survey, the spectral parameters of subclass members are investigated to predict possible
errors to our model. While spectra are a diagnostic tool, there are factors inherent to the
environment of near-Earth asteroids that pose ambiguities, such as grain size, temperature
and space weathering. These factors are difficult to deconvolve from the compositional
signal and are addressed here by simulated effects on meteorites from RELAB, Moroz et
al. (2000) and Strazzulla et al (2005).
A long-standing puzzle in asteroid science is the space weathering process and its
implications for the relationship between S-type asteroids and ordinary chondrites. While
Q-type asteroids are most spectrally similar to ordinary chondrites, these meteorites share
certain diagnostic similarities with S-type asteroids. Binzel et al. (2004) statistically
demonstrated a trend in spectral slope in near-Earth objects from 0.1 to 5 km. This
analysis provided a missing link between the Q- and S-type by showing a reddening of
5spectral slope with larger diameter that corresponds to a transition from Q-type asteroid
spectra to S-type asteroid spectra. This reddening of spectral slope is attributed to the
effects of space weathering on the observable surface composition. This work shows
preliminary results of a photometric survey of small Koronis family members.
Observations of these objects were obtained in visible and near-infrared Harris and Sloan
filters. Due to their common origin, Koronis family members have shown similar S-type
spectroscopic signatures. We assume this consistency applies to the small-unclassified
bodies. This provides a unique opportunity to compare the effects of the space
weathering process on potentially ordinary chondrite-like bodies within a population of
identical initial conditions. By examining a size range similar to the Binzel et al. work
we hope to compare the slope reddening transition sizes within the near-Earth population
and the main-belt. This data set should prove crucial to our understanding of the space
weathering process and its relevant timescales.
Thesis Supervisor: Professor Richard P. Binzel
Department of Earth, Atmospheric and Planetary Sciences
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Chapter 1
Introduction
"I would sooner believe Yankee professors would lie than stones would fall from
the heavens." While it is unlikely that Thomas Jefferson actually uttered this famous
quote in reference to the 1807 fall of the Weston meteorite, these words epitomized the
contemporary scientific beliefs concerning meteorites. It was not a question of whether
or not these rocks fell from the sky; humans had witnessed meteorite falls throughout
history. Often they would inspire religious and secular veneration in addition to
countless descriptions of their arrival on Earth. Meteorites have been found entombed
with pharaohs in the pyramids, commemorated on coins in ancient Greece and Rome,
wrapped as a mummy in a burial ground of Montezuma and, in the case of the Ensisheim
meteorite, enshrined in a church following its 1492 fall (Burke 1986). The question was
rather one of origin. Until the time of the Weston fall, meteorites were predominantly
viewed as an atmospheric phenomenon. In fact the root of the word meteorite is derived
from the same Greek word as meteorology, the study of weather. Scientists had a wide
variety of theories to explain these rocks that fell from the sky. Aristotle believed that
these rocks had been raised into the sky by high winds and eventually fell back to earth.
Some believed that meteorites were merely earth rocks that became airborne after being
struck by lightning and others thought of meteorites as products of explosive volcanic
eruptions. Benjamin Franklin's determination that lightning was an electric phenomenon
led some to believe that meteorites formed in the atmosphere as a consequence of
lightning.
Scientists were convinced that these rocks could not have a heavenly origin. This
conviction was a product of their belief in an interplanetary space clear of debris. In fact
Isaac Newton wrote, "to make way for the regular and lasting motions of the planets and
comets, it's necessary to empty the heavens of all matter." What could change a belief
that was thousands of years in the making? In addition to the Weston fall in 1807, the
preceding years had numerous witnessed falls including stones in Italy (1794), England
(1795), and nearly three thousand stones in Normandy (1803). These events were the
backdrop for the 1794 work of Ernst Chladni. He concluded that iron meteorites were
extraterrestrial in origin since they showed signs of intense heating and displayed
compositions unlike those found on earth. According to Chladni, the objects traveled
through space until they encountered Earth's gravitational field. He linked the fireball
phenomenon with the heat and energy that would be produced by friction around objects
traveling at high speed through the atmosphere. While his work was not well received, in
the year following publication stones fell out of a clear blue sky at Wold Cottage,
England. It could not have been a consequence of lightning. Eventually detailed
chemical analyses determined that Chladni was right: meteorites were extraterrestrial.
1. History of Meteorite Delivery
The dawn of the nineteenth century not only led the world to accept the
extraterrestrial origin of these mysterious rocks, but it brought about the discovery of
what would ultimately be recognized as the source of these bodies--the main asteroidal
belt. When Chladni proposed the cosmic origin of meteorites in 1794, he explained that
meteorites were either fragments of matter that had not been accreted when the planets
formed or they were pieces of a previously existing planet that had been destroyed.
While some scientists came to terms with the nature of the extraterrestrial rocks in
question, astronomers were busy searching for the "missing planet" between Mars and
Jupiter. Physicists had long claimed that the solar system was subject to mathematical
order. The distances of each planet (in astronomical units) from the sun closely matched
the values predicted by the Titius-Bode law. There was only one problem: a predicted
value lay in the empty space between Mars and Jupiter. When Sir William Herschel
discovered Uranus in 1781 and its orbit conformed to the predictions of the Titius-Bode
law, a group of European astronomers formed what was called the "celestial police" to
search the region between Mars and Jupiter. Unaware of these efforts, Giuseppe Piazzi
discovered Ceres on January 1, 1801 from the Palermo Observatory. This discovery was
followed by the discoveries of the asteroids Pallas (in 1802), Juno (in 1805) and Vesta (in
1807). By 1832, David Brewster had analyzed the orbits of these four asteroids and
concluded "that the four new planets have diverged from one common node, and have
therefore composed a single planet." He continued to postulate that the smaller pieces of
this destroyed planet were propelled beyond the gravity of the asteroids and eventually
might fall to the earth as meteorites. A fifth asteroid was not discovered until 1845.
The existence of near-Earth asteroids was not known until the discovery of (433)
Eros in 1898. It was recognized as an unusual object with a Mars-crossing orbit, but it
was decades before scientists accepted that the inner solar system was home to a sizeable
population of asteroids. After nearly a century of speculation concerning asteroids, it was
confirmed that these bodies indeed existed outside of the asteroid belt and some likely
were the source of Earth's supply of extraterrestrial rock.
2. Delivery from the Main-Belt to near-Earth space
Early work on the dynamics of near-Earth objects (NEOs) concluded that the
objects were not likely to have survived since the formation of the planets (Opik 1951).
In fact, NEOs should survive for only a few million years before colliding with a planet
or the sun, or being ejected from the solar system (Opik 1963). The more recent work of
Gladman et al. (2000) confirms that objects survive the chaotic dynamics of near-Earth
space for a few tens of millions of years. Unless there was some method of replenishing
this reservoir of material, the initial NEO population would have been enormous and
would have undergone a steady decline over the age of the solar system. However,
analysis of lunar and terrestrial craters shows that the impact flux has been approximately
constant for the past three billion years (Shoemaker et al. 1979).
The question of the origin and apparent resupply of near-Earth objects was a long
debated puzzle. Wetherill (1976) suspected that many NEOs were extinct cometary
nuclei, since comets were known to enter near-Earth space. Kirkwood (1867,1876) first
noted distinct gaps in the distribution of asteroids in the main belt. While the mechanism
that produced these gaps was not yet understood, Kirkwood and many others (e.g.
Williams 1969) noted that the gaps corresponded to mean motion resonances with
Jupiter. It was not until Wisdom (1982) that the process clearing the gaps and
replenishing the near-Earth asteroid population was understood. A dynamical
investigation of the 3:1 commensurability with Jupiter (the orbit at which the asteroid
orbits the sun three times for every orbit of Jupiter) showed that an object placed in the
gap would suddenly chaotically evolve into a high eccentricity orbit. The extreme
change in orbit would allow the object to cross the paths of the inner planets and further
evolve into a near-Earth orbit. Similar investigations showed that secular resonances
would also chaotically influence the orbits of main-belt asteroids and deliver the objects
to the inner solar system (Froeschle 1986).
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3. Asteroid- Meteorite Connections
Much of what we know about the formation of the solar system and the evolution
of the asteroid belt is given to us through the study of meteorites. These bodies show us
the remnants of planetesimals that never formed a major planet. Their evolution has
exposed different objects to different degrees of alteration-from melting and
differentiation to aqueous alteration. Unfortunately meteorites do not come with a return
address. We need to complete the puzzle and link meteorite types back to main-belt
source regions in order to gain a more complete understanding of both the asteroid belt
and the solar system.
Observational spectroscopy has provided the best connection between asteroids
and meteorites. Spectroscopy is a measurement of the way that light is reflected and
absorbed based on the minerals present in the sample. For asteroids various taxonomies
exist to categorize spectra based on the slope and shape of the features, but these
taxonomic groupings do not imply a specific shared composition. In principle since each
mineral will have a specific absorption signature, comparisons between asteroids and
meteorites should be simple. But this is only true for the one quintessential, undisputed
asteroid meteorite connection: (4) Vesta and the V-type asteroids to the Howardite,
Eucrite and Diogenite (HED) meteorites (McCord et al. 1970). Spectra of Vesta and the
HED meteorites show an incredible match. Unfortunately, no other connections are as
straightforward.
Ordinary chondrites are the most common meteorites observed to fall to Earth.
While it seems logical that they should connect back to the most common asteroids in
near-Earth space (S-types), scientists have found a systematic difference between the
spectra of the ordinary chondrites and the S-type asteroids. This was further complicated
by the discovery of (1862) Apollo, which displayed a spectrum more similar to ordinary
chondrites than any object previously studied. Additional observations identified bodies
with Apollo-like (Q-type) spectra in near-Earth space, but no Q-type objects have been
identified in the main-belt. Studies of Apollo soil samples showed similar disparities.
Lunar soil that had been exposed to the space environment shared spectral characteristics
with S-type asteroids such as muted absorption bands and a reddened slope. However the
spectra of freshly ground powder from lunar rocks appeared similar to Q-type spectra
with deeper bands and shallow spectral slope. It became clear that the effects of the solar
wind and micrometeorite bombardment had altered the spectra. Space weathering is not
an instantaneous event, but rather a process that potentially takes a million years to
complete. Observations of small near-Earth asteroids uncovered a transition between
these fresh, Q-type spectra and the weathered, S-type spectra. While this is a commonly
accepted progression, the spectral alterations still leave room for potential errors in
connecting the objects.
But what about Vesta? Scientists have confirmed that a space weathering process
alters the surface properties of asteroids over time. So why should the spectral match
between Vesta and the HED meteorites be such an exact fit? Why would the spectra of
Vesta not fall prey to the same systematic process altering the S-type asteroids? This is
due to the different minerals contained within the bodies. The minerals present in Vesta
and the V-type asteroids are far less susceptible to the alterations that plague the S-types.
This raises a very important concern when using spectroscopy. Not all minerals will
react to their environment in the same manner and there are several external factors that
can alter the spectrum of a mineral.
4. Asteroids 101
For those unfamiliar with the field of asteroid science, I present a short primer for
words and concepts that will appear throughout this thesis.
Asteroid Taxonomy- Asteroid spectra are separated into taxonomic classes based
on the slope and spectral features. Each taxonomic class is designated by a letter or pair
of letters (e.g. C, Sq). There is a large assortment of classes, but this work will only
focus on S-, Q- and V-type spectra. Examples of these taxonomic types are shown in
Figure 2. The Sq-type that appears in Chapter 2 is roughly defined as transitionary
between the S- and Q-classes.
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Figure 2. Examples of the S-, Q- and V-type taxonomic classes using
near-Earth asteroid spectra.
Fall and Find- For meteorites, these words designate the circumstances of their
recovery. A fall is recovered after it is observed to fall, while a find is discovered at
some later point with no observations of its fall.
Fireball- The streak of light in the sky that is the product of a meteoroid through
the Earth's atmosphere. If properly documented the orbital elements of the object prior
to its arrival on Earth can be calculated.
I I I I
Regolith- A layer of debris or soil that forms on the surface of an asteroid. It is
produced by repeated impacts.
5. Outline of Thesis
The main objective of this thesis is to determine a main-belt source region for the
ordinary chondrite meteorites. Chapter 2 discusses this source region analysis. The
model uses the Modified Gaussian Model to obtain the Band Area Ratio and Geometric
Band Centers for two complementary samples: (1) ordinary chondrites and HED
meteorites, and (2) S-, Sq-, Q- and V-type asteroids in near-Earth space. We use the
numerical parameters to compare the spectral properties of the asteroid and meteorite
data sets. For each asteroid we define a probability for it being related to each of the
meteorite classes. We can then convolve this probability with the Bottke et al. (2002)
source region model for near-Earth asteroids to find possible main-belt source regions for
the ordinary chondrites. Chapter 3 investigates the possible errors inherent in the study
of S- and Q-type asteroid spectra: the possible incompatibility of some of the Gaffey S-
subclasses with ordinary chondrites and spectral variations due to grain size, temperature
and space weathering. Chapter 4 is a study of space weathering in the main-belt. Studies
of near-Earth space have identified a transition from Q-type to S-type spectra in the 0.1- 5
km size range (Binzel et al. 2004). In examining the S-type Koronis family of asteroids
over a wide range of sizes, we sought confirmation of a similar spectral transition.
Chapter 5 summarizes the conclusions of this work. Chapters 2-4 each have a
corresponding appendix that displays the MGM spectral fits or the individual photometry
used in the analysis.
Chapter 2
Identifying Meteorite Source Regions Through
Near-Earth Object Spectroscopy
1. Introduction
Forging connections between meteorites and asteroids is an ongoing problem with
many unanswered questions. Asteroid spectroscopy and analysis of meteorite samples
has shown a general agreement between several groups. The quintessential example to
this solution is the connection of the HED meteorites to (4) Vesta and the V-type
asteroids (McCord et al. 1970, Consolmagno and Drake 1977, Binzel and Xu 1993).
Despite these successes, a prominent difficulty has been the lack of connections available
for the ordinary chondrite meteorites and the S-type asteroids. This problem is most
troublesome considering the statistical prominence of these groups within their respective
categories. Approximately 80% of all observed asteroids in the near-Earth population
belong to the S-class or closely related classes (Bottke et al. 2002a). The five-source
near-Earth object delivery model of Bottke et al. (2002b) demonstrates that these S-type
objects originate from the inner main belt, a region dominated by S-type materials
(Gradie and Tedesco 1982). The apparent delivery abundance of S-type asteroids to the
inner solar system thus correlates circumstantially with the fact that nearly 80% of all
meteorite falls are in the general class of stony meteorites referred to as ordinary
chondrites (OCs) (Burbine et al. 2002). Since the most immediate source for meteorites
is the near-Earth asteroid population, it seemed reasonable that the most common type of
meteorite should correlate to the most common type of asteroid within this population.
Simply accepting this circumstantial correlation between S-type asteroids and
ordinary chondrite meteorites has been problematic. Visible and near-IR spectral data
have shown discrepancies between the ordinary chondrite meteorites and the S-type
asteroid data sets: the S-type asteroid spectra have a redder slope than the OC meteorites
(Binzel et al. 2004). Additionally, data from the near-Earth object population have
shown that ordinary chondrite meteorites spectra closely resemble a class of asteroids
known as the Q-type asteroids (McFadden et al. 1985). Given these similarities, it is
possible that the groups may be related through a physical process that alters the spectral
slope. Various space-weathering processes (e.g. Pieters et al. 2000, Clark et al. 2002) are
often invoked to create this optical change. Observations of space weathering began in
era of the Apollo moon missions and displayed a difference in the optical properties of
mature lunar soil and pulverized lunar rock of similar composition (Gold 1955, McCord
and Johnson 1970, Adams and McCord 1973). Past work (e.g. Hapke 1973) predicted
that the process acting on lunar soils was the development and accumulation of
submicroscopic single-domain metallic iron particles. Pieters et al. (2000) confirmed the
presence of these particles that are produced by the reduction of iron oxide (FeO) in
minerals. The weathering process has been reproduced in the laboratory via laser pulses
(e.g. Moroz et al. 1996) and ion irradiation (e.g. Strazzulla et al. 2005, Brunetto et al.
2006). The degree of weathering experienced by a body is a function of the amount of
nanophase iron present on the grains being examined or the damage incurred by the ion
flux. Vernazza et al. (2009) propose that solar wind ion implantation (and damage to
mineral structures) creates a very rapid initial "weathering" within the first one million
years. Regardless of the process or timescale, we can ask: If space weathering is the key
difference between the S- and Q-type asteroids in near Earth space, then are they both
related to ordinary chondrites?
The goals of our observations and modeling are two-fold: to identify possible
asteroid-meteorite connections using visible and near-IR spectra and then to investigate
whether meteorite classes have a recognizable source region signature. In order to forge
the link between these meteorites and their corresponding near-Earth objects (NEOs), we
have developed a numerical method for quantitative comparisons between laboratory
measurements of meteorite spectra and telescopic measurements of NEO spectra. We
begin with the examination of differences between these meteorite classes in three
numerical dimensions: Band Area Ratio (BAR) and the geometric band centers of the 1-
[tm and the 2-[tm absorption bands. We then use identical methods to acquire the same
parameters for the asteroids in our sample. Using these relationships we have developed
a probability model to connect S-, Sq-, Q- and V-type asteroids to the H, L, LL and HED
meteorites based on their spectral characteristics. Our meteorite correlation distribution
is then convolved with an NEO source region model (Bottke 2002b) to shed light on
connections between these meteorite classes and their asteroid belt source regions.
2. Data
In order to address the first goal of this paper, to identify possible correlations
between meteorites and near-Earth asteroids, we have developed a probability model
based on quantitative spectral parameters. This correlation seeks to connect ordinary
chondrite meteorites to the spectrally similar S-, Sq-, and Q-type asteroids. In addition,
we will use the established correlation between HED meteorites and V-type asteroids to
test our techniques for meteorite matching and for source region analysis. These chosen
meteorites and asteroids all show the same general spectral characteristics and it is
important to note this fact for our definition of parameters for this study. All exhibit a
nearly flat or positive continuum in wavelength space and two distinct absorption bands
at 1-[pm and 2-tpm that are attributed to the silicate minerals that dominate their bulk
composition. See Fig. 1 for an example of this type of spectrum.
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Figure 1. Example Modified Gaussian Model result for the near-Earth asteroid
(719) Albert. (All data are offset for ease of visualization.) One can see in the
lowest trace the data (as points), their model fit (line), and the continuum fit
(smooth tangent curve). Indicated here on the 1-pm band are the locations of the
traditionally defined Band Center and our definition for the Geometric Band
Center. The middle traces show the modified Gaussian curves incorporated into
the fit while the top line shows the residuals. This example shows a common
difficulty in the analysis of near-infrared asteroid spectra. It can be seen that the
continuum and the 2-tm absorption band do not close before the long wavelength
truncation of the data. In order to address this issue, we allow MGM to continue
calculating the necessary gaussians to complete the full 2-[pm absorption band.
2.1 Definition of Spectral Parameters
Past studies (e.g. Cloutis et al. 1986, Gaffey et al. 1993) have used the parameters
of Band Area Ratio (BAR) and the center of the 1-[m band to examine the relative
amounts of the silicate minerals olivine and pyroxene and distinguish various meteorite
classes. To follow on this example we have chosen three similar quantitative spectral
parameters: Band Area Ratios derived from the Modified Gaussian Model, and the
geometric band centers of the 1-[m and 2-[tm absorption features.
Band Area Ratio (BAR) can simply be defined as the ratio of the area of the 2-ttm
absorption band to the area of the 1-[m absorption band. However, the methods of area
measurement have varied. Cloutis and Gaffey (1991) use the area under two separate
linear (in wavelength space) tangents to represent the continuum level. The tangent for
each absorption feature is found by connecting the local maxima at each extreme of the
feature. This method has been used repeatedly and is best associated with the
terminology of "Band Area Ratio" (BAR). A difficulty in applying this technique is that
it requires full wavelength coverage (- 0.7- m-2.5-[tm) of these two absorption features.
Near-infrared spectrometers, such as the SpeX instrument at the NASA Infrared
Telescope Facility, do not cover the entirety of this range, often omitting the short
wavelength region that resides in the visible and not the near-IR portion of the
electromagnetic spectrum. Rivkin et al. (2004) addressed this by incorporating the
Modified Gaussian Model (MGM) (Sunshine et al. 1990) in order to extrapolate into the
missing wavelength regions. This method was termed the "Ratio of Band Areas" (RBA)
in order to distinguish it from the previously defined BAR.
For this work we will define a new ratio technique and will refer to it throughout
this paper as Band Area Ratio (BAR). It has differences from the Cloutis and Gaffey
(1991) fitting method and our derived values cannot be directly compared. All of the data
included in this study contain visible and near-IR data and therefore contain the entire 1-
tm absorption feature. We employ the Modified Gaussian Model (Sunshine et al. 1990)
in our calculations as a numerical tool. The choices of the wavelength location and
number of modified gaussians in each absorption feature are dependent only on finding a
best fit to the data with no underlying mineralogic assumptions. The areas calculated for
each band will be used in our calculation of the Band Area Ratio. This method will infer
a completion for the often-truncated 2-[tm feature. The BAR method used in this study
has similarities to the "ratio of band areas" or RBA technique described in Rivkin et al.
(2004), but is a distinct procedure and the resulting values cannot be compared directly
with the values from the Rivkin et al. work. The RBA procedure and the BAR (from this
work) both use the Modified Gaussian Model as a critical component in the calculation of
band areas, however the treatment of the model and the input data are quite different. The
introduction of the RBA technique was to address the lack of visible wavelength spectral
data for objects observed with the SpeX instrument on the NASA Infrared Telescope
Facility (IRTF). These observations yield data with 0.82-microns at the short wavelength
end. However, the 1-[tm absorption feature begins at approximately 0.75-microns. This
discrepancy led to an inability to calculate the area of this absorption feature without a
method to artificially complete the low wavelength portion of the band. The method
proposed in this work was used only on objects that had visible data in addition to the
near-infrared portion of the spectrum. Both methods relied on the ability of the model to
complete the 2-tm feature.
By implementing a consistent procedure for the calculations of Band Area Ratios,
we attempt to overcome problems of too many degrees of freedom for fitted parameters
within techniques such as the Modified Gaussian Model when applied to mineralogic
interpretations. One issue not addressed in the RBA method is the non-unique nature of
MGM calculations. The model requires predetermined parameters such as type of
continuum (e.g. linear or parabolic), slope of continuum, number of modified gaussians
and the wavelength of these gaussians. In the default mode, the model takes these inputs
and begins a fitting routine based on them. These start values are adjusted at each
attempt to fit the spectrum until a fit with minimal residuals is found. Due to this
process, the smallest deviation in input parameters can change the model results in a non-
negligible manner. The potential for discrepancies was not discussed in Rivkin et al.
(2004). A key difference between the RBA and BAR is the choice of gaussians used in
the solution. The RBA procedure chose a calculation based on six gaussians, which were
chosen for mineralogical reasons. For the case of BAR, we seek the best geometric fit
and infer no mineralogy for each object. In other words, we use only the equation of the
final fitted line in our analysis. The coefficients of the fitted gaussian functions are not
used for any interpretive mineralogy. On this basis, we choose the number and starting
locations of each gaussian based on the ability of the parameters to find an optimal fit to
the data based on the chi-squared value of the residuals. Of equal importance, we chose a
consistent manner to determine the value and location of the continuum slope (rather than
letting the free parameters of the model determine these, as was done for the RBA
method). Since we seek only the area of the absorption band, we follow the example of
the Cloutis and Gaffey (1991) method: we use the shape of each spectrum to manually
define the continuum location.
As a first step for the BAR calculations, we must devise a convention for fitting
the continuum. Unlike the Cloutis and Gaffey (1991) method, our continuum solution
does not depend on the maximum at the long wavelength end of the 2-pm feature due to
its truncated nature as mentioned previously. We use only maxima surrounding the 1- tm
feature to define the continuum and our calculated continuum is linear in wavenumber
space. Due to the conversion between wavelength and wavenumber space (cm'-), the
continuum appears as a tangent curve in wavelength space (see Fig. 1). Since the areas of
the modified gaussians used in each calculation are dependent on the location of the
continuum, it is important to have a common methodology. A continuum is calculated
for each object in the sample and is held constant throughout the MGM analysis. The
BAR will then include the areas between the model of the data and the tangent
continuum.
The two other parameters in this study are the geometric band centers (GBC) of
the 1-itm and 2-Rtm absorptions. As with our definition of Band Area Ratio, this
definition differs from the traditional usage of "band center." Previous works define the
band center as the minima of an Nth order polynomial fit after dividing out the linear
continuum (Gaffey et al. 1993). The term "band minimum" best defines this approach.
The Geometric Band Center is defined as the wavelength where the total area of the
absorption feature is bisected. This approach is illustrated graphically in Fig. 1. We solve
for this geometric center by using a trapezoidal method of area calculation. Using the
model of the spectrum and subtracting out the derived continuum, we calculate the area
across the band and stop the calculation at the wavelength when half of the area has been
reached. As the trapezoidal method employs a bin size parameter for area calculation, the
corresponding error for the GBC is dependent on the size of the bin. This is taken to be
the minimum error for the GBC calculation. For this work, we do not make a mineralogic
interpretation of the GBC.
2.2 Meteorite and Asteroid Data
Ordinary chondrites (OCs) are classified into three key groups based on
compositional differences: H, L and LL. These distinctions are made due to variations in
the total iron (Fe) content and its distribution between metallic grains and inclusion in the
silicates. The transitions between the H, L and LL subclasses are due to a decrease in
metallic Fe and a relative increase of Fe in the silicates respectively. No non-ordinary
chondrite meteorite classes thought to be meteorite analogs for some S-asteroids (e.g.
Gaffey et al. 1993) are included in this study. The primary focus of the work concerns
the source regions for only the ordinary chondrite meteorites. Additionally, attempts to
include other meteorite groupings, such as lodranites, were unsuccessful because the
lodranites have spectral properties that differ from S-asteroids and cannot be fit by the
same procedures outlined for the acquisition of spectral parameters.
The meteorite data set for this study consists of 74 spectra: 63 Ordinary
Chondrites (19 H, 27 L, 12 LL) and 16 HEDs. All spectra were taken from the online
database for the Keck/NASA Reflectance Experiment Laboratory (RELAB) at Brown
University (Pieters and Hiroi 2004). The wavelength ranges of these meteorite data are
constrained to match the wavelength ranges of the visible and near-IR asteroid spectra
(-0.4-2.5-[tm). The wavelength range of the asteroid data is constrained by the
instruments used to observe each object. The facilities available for meteorite
spectroscopy allow for more wavelength coverage in the long wavelength direction. Due
to the fact that the data process for asteroids hinges on using MGM to complete the
absorption band past 2.5-[tm and the fact that we strive for consistency in the treatment of
both data sets, all meteorite data were truncated at 2.5-[tm. The results of this meteorite
analysis for the three spectral parameters are shown in Table 1 and graphically
represented in Fig. 2.
The asteroid data set includes 54 near-Earth objects that exhibit a nearly flat to
positive continuum and two distinct absorption bands at 1-[tm and 2-ptm. These objects
fit within the S-, Sq-, Q- and V-types as defined by the Bus visible taxonomy and the
extended near-IR DeMeo taxonomy (Bus and Binzel 2002, DeMeo et al. 2009), which
are the asteroid classes whose spectral properties best correspond to the chosen meteorite
samples. All near-Earth object spectral data utilized in this work were measured in the
near-infrared (0.82-2.5-tm) using the SpeX instrument (Rayner et al. 2003) at the NASA
Infrared Telescope Facility (IRTF). The corresponding visual wavelength portions (-0.4-
0.92-[tm) were taken from the Small Main-belt Asteroid Spectroscopic Survey (SMASS,
Xu et al. 1995, Bus and Binzel 2002). All asteroid results for the three spectral
parameters of this study are presented in Table 2. The sensitivity of our modeling results
to observational errors in the asteroid data is presented in Section 2.3.
Table 1. Meteorite Results
Type I Name BAR GBCl GBC 2
H3.8
H4
H4
H4
H4
H4
H5
H5
H5
H5
H5
H5
H5
H5
H6
H6
H6
H6
H6
L3
L3.7
L3.7
L4
L4
L4
L5
L5
L5
L5
L5
L6
L6
L6
L6
L6
L6
L6
L6
L6
L6
L6
L6
Dhajala
Avanhandava
Forest Vale
Marilia
Sao Jose do Rio Preto
Schenectady
Allegan
Chela
Ehole
Itapicurumirim
Uberaba
Lost City
Pribram
Magombedze
Andura
Butsura
Dwaleni
Ipiranga
Guarena
Hallingeberg
Mezo Madaras
Hedjaz
Rio Negro
Bald Mountain
Atarra
Honolulu
Mabwekhoywa
Malakal
Messina
Mirzapur
Air
Apt
Aumale
Chantonnay
Denver
Girgenti
Kuttippuram
Lacriolla
Nejo
Patrimonio
TuanTuc
Valdinizza
1.05047
1.73101
0.63284
1.84118
2.00100
0.89095
1.65603
1.09960
0.94534
1.63929
1.59760
2.05630
0.71696
0.91050
1.10279
1.67376
0.95222
1.27603
0.62217
1.26776
1.11987
0.65933
1.28927
0.80301
0.93440
0.41255
0.65177
0.54535
0.67034
1.15328
0.56641
0.42289
0.49090
0.50273
1.04183
0.37128
0.47166
0.33611
0.48799
0.64370
0.93139
0.51593
1.01000
0.98000
1.00000
0.98000
0.97000
0.98000
0.97000
0.97000
0.98000
0.98000
0.98000
0.98000
0.99000
1.00000
0.96000
0.97000
0.99000
0.98000
0.98000
1.04000
1.01000
1.00000
1.01000
0.99000
1.01000
1.01000
1.01000
1.01000
1.01000
1.00000
1.01000
1.01000
1.01000
1.00000
1.00000
1.01000
1.01000
1.01000
1.02000
1.00000
1.00000
1.00000
2.03000
2.04000
1.95000
2.04000
2.02000
1.96000
1.98000
2.00000
1.95000
2.02000
2.02000
2.06000
1.91000
1.94000
1.99000
2.02000
2.00000
2.01000
1.92000
2.11000
2.09000
1.96000
2.01000
1.99000
2.02000
1.96000
1.96000
1.96000
1.99000
2.03000
1.97000
1.95000
1.95000
1.95000
2.04000
1.93000
1.93000
1.92000
1.95000
1.96000
2.01000
1.97000
L6 Vouille 1.66659 0.99000 2.07000
L6 Karkh 0.37461 1.01000 1.95000
L6 Kunashak 0.38236 1.02000 1.94000
L6 Maryville 0.72201 1.01000 1.96000
LL3.1 Bishunpur 0.07064 1.06000 2.01000
LL4 Soko Bonja 0.77247 1.05000 2.05000
LL4 Greenwell Springs 0.59103 1.04000 2.02000
LL4 Hamlet 0.72428 1.03000 2.01500
LL5 Olivenza 0.63451 1.07000 2.07500
LL6 Karatu 0.37279 1.05000 2.02000
LL6 Bandong 0.33838 1.05000 2.02000
LL6 Jelica 0.47604 1.05500 2.01500
LL6 Manbhoom 0.16743 1.06000 1.94000
LL6 Vavilovka 0.45110 1.06500 2.04000
LL6 Cherokee Springs 0.53074 1.03000 2.01000
LL6 Ensisheim 0.28387 1.05000 1.97000
H Pavlovka 2.48809 0.95000 1.98500
E Bereba 2.53385 0.98500 2.06500
E Pasamonte 1.61332 0.99000 2.03500
D Johnstown 2.75863 0.95500 1.95500
E Bouvante 3.06533 0.97500 2.10000
H EET87503 1.81017 0.94500 2.01500
E EET87542 2.33513 0.96000 2.09500
E EET90020 1.16141 0.97500 2.03000
E EETA79005 2.58675 0.95000 2.04000
D Johnstown 1.36963 0.92500 1.89500
E Juvinas 2.19762 0.96000 2.05500
E Pasamonte 1.64553 0.97500 2.04000
E PCA82502 2.61642 0.96500 2.07500
H Petersburg 2.96337 0.95000 2.05500
E Stannern 2.18352 0.96500 2.06500
D Tatahouine 1.57912 0.92500 1.91500
Table 2. Asteroid and Meteorite Fall Results
Bus DeMeo Visible 1
Number Name Type Type Data BAR GBCI I GBC2 P(H) P(L) P(LL) P(HED) P(JFC) I P(OB) P(3:1) I P(MC) I P(N6)
433
719
1036
1620
1685
1862
1862
1862
1864
1916
1943
1980
2063
3102
3122
3199
3753
3908
4055
4179
4197
5143
5587
5604
5660
6047
6239
6455
7341
18736
19356
20790
22771
24445
24475
25143
35107
52340
Eros
Albert
Ganymed
Geographos
Toro
Apollo
Apollo
Apollo
Daedalus
Boreas
Anteros
Tezcatlipoca
Bacchus
Krok
Florence
Nefertiti
Cruithne
Nyx
Magellan
Toutatis
1982 TA
Heracles
1990 SB
1992 FE
1974 MA
1991 TBI
Minos
1992 HE
1991 VK
1998 NU
1997 GH3
2000 SE45
1999 CU3
2000 PM8
2000 VN2
Itokawa
1991 VH
1992 SY
Sw
S
Sr
S
S
Q
Q
Q
Sq
Sw
Sw
Sw
Sq
Sqw
Qw
K
Q
V
V
Sq
Sq
O
Sr
V
Q
S
Sqw
Srw
Q
Sw
Sq
S
S
Sw
Sq
SII
PAL
SII
SII
SII
SII-P
SII-P
SII-P
Sll
PAL
PAL
SIt
SII
PAL
SII
SII
SII
SII
KP
SII
SII
SII-P
SII
KP
S11
SII
KP
SII
SII
KP
SII
PAL
PAL
KP
PAL
KP
SII
Lazzarin
0.64575
1.10973
1.79873
1.08649
0.92332
0.28115
0.16606
0.30006
0.66905
0.44431
1.28631
0.37118
0.59873
0.38856
0.37948
0.48448
0.58014
3.11800
2.34868
0.48996
1.57038
0.53534
1.74810
3.04178
0.19677
1.65438
0.41175
0.39166
0.74472
1.67340
0.74124
3.43801
2.57226
1.95566
2.10201
0.56211
0.69858
0.33399
1.0500
1.0300
0.9850
1.0500
1.0600
1.0450
1.0550
1.0550
1.0250
1.0450
1.0700
1.0450
1.0550
1.0650
1.0700
1.1300
1.0300
0.9400
0.9500
1.0250
0.9700
1.0600
0.9800
0.9400
1.0750
0.9850
1.0600
1.0450
1.0550
1.0500
1.0200
0.9700
1.0100
0.9700
1.0400
1.0550
1.0650
1.0850
2.0550
2.0700
2.0150
2.1100
2.0650
2.0400
1.9700
2.0500
2.0750
1.9800
2.0850
2.0250
2.0500
2.0450
2.0150
2.1750
1.9600
1.9850
1.9650
2.0200
2.0150
2.0400
2.0350
1.9900
1.9600
1.9450
2.0500
1.9950
2.0550
2.0900
2.0150
2.0750
2.0650
2.0100
2.1000
2.0900
2.0700
2.0200
0.1793
0.4344
0.5388
0.4223
0.3575
0.0491
0.0310
0.0523
0.1929
0.0963
0.4374
0.0710
0.1545
0.0738
0.0727
0.0913
0.1562
0.0001
0.1409
0.1113
0.4845
0.1256
0.5320
0.0002
0.0354
0.5062
0.0805
0.0785
0.2397
0.5189
0.2465
0.0000
0.0281
0.5162
0.4047
0.1333
0.2072
0.0601
0.3849
0.3345
0.0650
0.3424
0.3500
0.3673
0.3392
0.3688
0.3816
0.4058
0.2965
0.3893
0.3896
0.3852
0.3891
0.3600
0.4082
0.0000
0.0020
0.4022
0.1278
0.3942
0.0761
0.0000
0.3504
0.0939
0.3877
0.3980
0.3721
0.1019
0.3789
0.0000
0.0001
0.0381
0.0191
0.3850
0.3756
0.3781
0.4305
0.1077
0.0000
0.1266
0.2478
0.5835
0.6298
0.5788
0.4188
0.4973
0.0328
0.5394
0.4526
0.5406
0.5378
0.5476
0.4328
0.0000
0.0000
0.4853
0.0012
0.4784
0.0001
0.0000
0.6141
0.0004
0.5314
0.5231
0.3759
0.0003
0.3626
0.0000
0.0000
0.0000
0.0000
0.4793
0.4089
0.5616
0.0053
0.1234
0.3961
0.1087
0.0447
0.0001
0.0000
0.0001
0.0067
0.0007
0.2333
0.0003
0.0034
0.0004
0.0003
0.0011
0.0028
0.9999
0.8571
0.0012
0.3865
0.0018
0.3918
0.9998
0.0000
0.3996
0.0005
0.0004
0.0123
0.3788
0.0121
1.0000
0.9718
0.4457
0.5762
0.0024
0.0083
0.0002
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.028
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.016
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.010
0.000
0.000
0.000
0.095
0.000
0.385
0.099
0.071
0.000
0.000
0.000
0.000
0.000
0.000
0.084
0.000
0.232
0.750
0.000
0.000
0.000
0.000
0.000
0.112
0.197
0.277
0.875
0.117
0.094
0.186
0.186
0.186
0.190
0.078
0.102
0.024
0.010
0.016
0.046
0.414
0.557
0.053
0.000
0.326
0.310
0.095
0.274
0.110
0.323
0.251
0.069
0.658
0.048
0.234
0.410
0.071
0.151
0.597
0.009
0.000
0.009
0.097
0.348
0.672
0.000
0.278
0.277
0.211
0.211
0.211
0.219
0.459
0.258
0.465
0.276
0.628
0.550
0.413
0.086
0.202
0.591
0.183
0.281
0.305
0.061
0.151
0.096
0.399
0.215
0.194
0.278
0.506
0.219
0.144
0.332
0.075
0.139
0.288
0.327
0.563
0.455
0.036
0.125
0.604
0.629
0.603
0.603
0.603
0.591
0.463
0.640
0.510
0.714
0.346
0.404
0.173
0.357
0.650
0.409
0.106
0.309
0.529
0.666
0.740
0.581
0.350
0.716
0.148
0.590
0.260
0.139
0.008
0.516
0.328
0.852
0.712
0.664
0.227
53435 1999 VM40 Srw PAL 1.44607 1.0150 1.9950 0.4540 0.1908 0.0060 0.3493 0.000 0.000 0.277 0.058 0.665
54690 2001 EB S KP 2.76504 0.9850 2.0300 0.0046 0.0000 0.0000 0.9954 0.000 0.000 0.000 0.648 0.352
66146 1998 TU3 Q KP 0.30185 1.0450 2.0150 0.0545 0.3774 0.5680 0.0001 0.000 0.000 0.303 0.170 0.527
86819 2000 GK137 Sq PAL 0.48765 1.0500 2.0400 0.1072 0.3956 0.4961 0.0011 0.000 0.000 0.099 0.269 0.632
87684 2000 SY2 Lazzarin 0.39218 1.0150 1.9700 0.0816 0.4068 0.5112 0.0004 0.000 0.000 0.000 0.561 0.439
89355 2001 VS78 Sr KP 1.25902 0.9850 2.0550 0.4436 0.2930 0.0374 0.2260 0.000 0.000 0.293 0.283 0.424
98943 2001 CC21 Sw PAL 1.33888 1.0950 2.0350 0.4411 0.2661 0.0205 0.2723 0.000 0.000 0.036 0.244 0.720
99907 1989 VA Sq Sr SII 1.45809 1.0250 2.0500 0.4568 0.1924 0.0054 0.3453 0.000 0.000 0.129 0.369 0.502
99942 Apophis MAG 0.59288 1.0550 2.0700 0.1496 0.3867 0.4604 0.0032 0.000 0.000 0.070 0.341 0.588
137062 1998 WM Sq Sr SII 2.00230 1.0200 2.0650 0.4918 0.0326 0.0000 0.4756 0.000 0.000 0.302 0.197 0.502
138258 2000 GD2 Q KP 0.81724 1.0450 2.0700 0.2882 0.3617 0.3282 0.0219 0.000 0.000 0.178 0.343 0.478
162058 1997 AE12 Q KP 0.48280 1.0450 1.9900 0.1095 0.4053 0.4841 0.0010 0.000 0.135 0.268 0.310 0.288
162781 2000 XL44 S KP 0.91472 1.0700 2.0900 0.3472 0.3507 0.2600 0.0421 0.000 0.000 0.078 0.459 0.463
2001 XN254 S KP 1.33492 1.0450 2.0300 0.4423 0.2615 0.0202 0.2760 0.000 0.135 0.268 0.310 0.288
2002 AA S KP 2.42588 0.9650 2.0050 0.0855 0.0009 0.0000 0.9137 0.000 0.000 0.058 0.275 0.667
2002 AV S KP 1.11182 1.0100 1.9750 0.4490 0.3217 0.0997 0.1295 0.000 0.372 0.291 0.197 0.140
Innisfree (L5) 0.00000 1.0000 0.0000 0.0000 0.000 0.000 0.101 0.329 0.570
Pribram (H5) 1.00000 0.0000 0.0000 0.0000 0.000 0.070 0.551 0.242 0.138
Lost City (H5) 1.00000 0.0000 0.0000 0.0000 0.000 0.000 0.085 0.314 0.600
Farmington (L5) 0.00000 1.0000 0.0000 0.0000 0.000 0.000 0.141 0.232 0.627
Dhajala (H3.8) 1.00000 0.0000 0.0000 0.0000 0.000 0.000 0.544 0.118 0.339
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2.3 Error Analysis
We have allowed for measurement errors in the data by introducing a width to the
gaussian curve that defines the meteorite class correlation probabilities. Here we
investigate the potential effects of observational errors on the calculated values of Band
Area Ratio (BAR) and the Geometric Band Centers (GBCs) of the 1-p[m and 2-tpm
absorption features. To do this we define three types of spectral quality based on the
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Figure 2. Meteorite Results. Four visualizations of the spectral parameter space
for meteorites, as compiled in Table 1. It can be seen that the data from the four
meteorite classes separate into distinct regions with overlapping transitions. (top
left) Three-dimensional plot of all meteorite results. (top right) Geometric Band
Center 1-[tm band vs. Band Area Ratio (bottom right) Geometric Band Center 2-
[tm band vs. Band Area Ratio (bottom left) Geometric Band Center 2-[tm band
vs. Geometric Band Center 1-[tm band.
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Figure 3. Spectra for our three examples of spectra quality: (99942)
Apophis, (53435) 1999 VM40 and (433) Eros. Spectra are offset for clarity.
signal-to-noise of the sample: (433) Eros, (53435) 1999 VM40 and (99942) Apophis.
These spectra are shown in Fig. 3.
In order to estimate the actual error of each of our spectral parameters we employ
the central limit theorem, which allows us to use a minimum of 30 data points to solve for
the standard deviation of all possible solutions. We define a method of artificially
increasing the error of each observed spectrum for each of our examples of spectral
quality. Every spectrum contains three columns of data values, which are described as:
x,= wavelength, y,= reflectance value, z,= error. Then we augment the three spectra
with the following process:
n Xn
yn = yn + On
, =(6)
Zn = Zn
Where sigma is defined as:
o, = Random Gaussian of 2Zn (7).
This process steps through each spectrum at every individual wavelength. For each step
the wavelength value and the error at that wavelength remains unchanged, while the
reflectance value is changed by some amount that is dependent on the error of that datum.
The result is a modified spectrum that adds noise to the spectral reflectance values based
on the original error of the spectrum. This process is replicated thirty times for each of
the three examples of spectral quality. For each generated spectrum we then solve for the
Band Area Ratios (BARs) and Geometric Band Centers (GBCs) of the 1-rtm and 2-ttm
absorption features. The thirty error-skewed spectra are used to define the standard
deviations of the spectral parameters for the three types of spectral quality. The central
limit theorem requires thirty data points in order to solve for the standard deviation of a
full sample. Examining the error-skewed spectra allows for an analysis of how many
data points (if less than the thirty required) must be examined before the standard
deviations converge on the final value. A graphical representation of this analysis for
BARs can be seen in Fig. 4.
This method of calculating the error for our spectral parameters returns small
uncertainties overall. This is likely due to the increased stability of our calculated
parameters to small variations in the spectral shape. For example, since our Geometric
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Band Center values depend on the size of the entire band, it takes a significant deviation
from the original spectrum to change the value by large amounts.
We can examine the resulting errors for our three types of spectral quality. The
error values found from the full set of thirty error-skewed spectra safely place an upper
estimate on the errors for each asteroid. The Band Area Ratios have a calculated
maximum standard deviation less than 0.02. The maximum standard deviations for the
Geometric Band Centers for both the 1-pm and 2-Rm absorption features are 0.005 and
0.007 respectively. These values correspond to the minimum distance between datum
points in wavelength space (0.005). A trapezoidal function based on bins bounded by
wavelength values is used in the calculation the GBCs. This creates a lower bound for
GBC error that all spectral quality types have approached.
Figure 4. Evolution of Standard Deviation for error-skewed Band Area
Ratios for our three examples of spectral quality. The plot shows how
many BAR values were used in order to calculate the uncertainty value
up to the statistical limit defined by the Central Limit Theorem where we
can confidently assume it represents the whole sample.
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3. Probability Models
3.1 Probability Results
The values for the H, L, LL and HED meteorites measured from the quantitative
spectral analysis spread into distinct, but overlapping, class groups in the three defined
dimensions (Figure 2). Our task is to determine where each asteroid, measured in the
same quantitative manner as each meteorite, falls into the meteorite parameter space. We
treat the placement of each asteroid into this three dimensional space as being indicative
of the probability that the asteroid has an analogous composition to the meteorites in its
proximity. Given the overlapping properties of the meteorite classes, and the reality that
all observational measurements contain uncertainties we must allow that the total
probability for any asteroid's placement must be divided among multiple meteorite
classes.
In order to quantify the assignment of each asteroid spectrum to its most probable
ordinary chondrite meteorite analogs, each probability calculation begins by condensing
the information into a single dimension-distance. The distance from the asteroid's
placement to each of the meteorite data points is calculated in the three-dimensions.
These distance values are tabulated along with the information of which class is
represented by that meteorite datum. We represent these distance values as d', where X
represents H, L, LL or HED and i represents one element of each meteorite class subset.
We use a Gaussian distribution to weight the distance from the asteroid to each
meteorite data as shown in equation 1.
1 -d. 2i /2(1)
g adVi, e 
(1)
Our choice for the value of c in this Gaussian distribution is arbitrary but we find that a =
0.25 reasonably accounts for all of the likely observational (random and systematic)
errors contained within our asteroid data. The choice of sigma is discussed further in
Section 3.3. Since the asteroid errors are inherently larger than the corresponding errors
in the meteorite analysis, the meteorites are treated as static points in the three-
dimensional space. Eq. 1 is solved for all values of class X and for each meterorite, i,
contained within each class. Each value of gdi requires normalizing of the weighted
values by the sample size of each class so as not to favor meteorite classes that are more
numerous than others. Thus we define the weight for each meteorite class as:
1
Wx -N (2)
The variable Nx is defined as the number of meteorites within class X. The model then
calculates a weighted gaussian distribution:
gdji = di " WX (3)
The probability of each asteroid belonging to a meteorite class, X, depends on the sum of
all the above weighted distributions for each meteorite class.
GWx = gdijWx (4)
Xi
We then calculate the probability of being in class X as:
P(X) = GW(5)
GWH + GWL + GWLL + GWHED (5)
See Table 2 for the complete Asteroid-to-Meteorite class probability results.
Several V-type near-Earth asteroids were used as a test for the meteorite class
probability results. Table 2 shows that all V-types are predicted to be analogous to HED
meteorites with a probability of at least 85%.
3.2 Source Region Analysis
It is widely accepted that there are several distinct delivery mechanisms for near-
Earth objects coming from the asteroid belt (Wisdom 1982, Froeschle 1986). The Bottke
source region model (Bottke et al. 2002b) uses an NEO's current orbital elements to
evaluate the probability that it originated from either the v6 secular resonance, the Mars
Crossing (MC) region, the 3:1 mean motion resonance with Jupiter, the Outer Belt and
the Jupiter Family Comets. For our analysis, we investigate the source region
probabilities for inner belt sources only: the v6 secular resonance, the Mars Crossing
region and from the 3:1 resonance. The Bottke model also returns probabilities for origin
from the outer belt and the Jupiter Family Comets. Values for these cases were
negligible for most objects in this study. By neglecting the outer belt and Jupiter Family
Comets sources we do not seek to imply that no ordinary chondrites or HED meteorites
have sources from these regions, we only seek to examine the most probable sources for
the object included in the study.
3.3 Combined Analysis
Our research goal is to correlate the meteorite-asteroid class probabilities with the
asteroid source region probabilities to search for correlations between the meteorite
classes and their source regions. We begin with the meteorite class probabilities taken
from the comparison of the asteroid spectra with the meteorite three-dimensional
quantitative spectral distribution (Table 2). For each asteroid, we have the results of the
source region calculation from the Bottke model (Table 2). Convolving the meteorite
correlation probability with the source region probability allows us to use our NEO
sample to trace source regions for each meteorite class.
(719) Albert
Soectral Properties
BAR I 1.11
1-micron GBC 1.03
2-rmicn GBC 2.07
Meteorite Cass Prob bility
P() 0.434
P(L) 0.335
P(L) 0.108
0.123
Orbital Elements
Semi-Maor Axis 2.629 AU
Eccentridy 0.552
Indinatlon .60
I
Source on Probbility
PJFC) 0.000
KOS) 0.016
P(3:1) 0.277
P(MC) 0.672
P(nu6) 0.036
I
P(M) PP(L) P(LL) P(HED)
P(3:1) IM) P(nu6) PQ3:1) PfM) PIu Pf 3: 1) P C Pu P(3:1) P(MC) Pfnu6)0.120 0.292 0.016 0.093 0.225 0.012 0.030 0.072 0.004 0.034 0.03 0.00
Figure 5. Probability Convolution Example for one object: (719)
Albert. Four meteorite class probabilities are used to weight three
source region probabilities, resulting in 12 effective probabilities for
a particular meteorite class having a specific source region.
A visual display of our process is shown in Fig. 5. Our spectral measurements for
NEO (719) Albert yield four probabilities for the likelihood it is related to H, L, LL or
HED meteorites. The orbital elements for (719) Albert yield, through the Bottke model,
non-negligible probabilities for its origin from 3:1, Mars crosser and v6 sources. The
probability of (719) Albert being an H-chondrite is used as a weight for the likelihood
that H chondrite material originates from each of the three sources. Each probability of
being an L or LL or HED meteorites is also used to weight the three source region
probabilities. The result yields 12 effective probabilities for tying a specific meteorite
class to a specific source. The sum of all 12 probabilities for all objects in our sample is
displayed in Fig. 6. In the top panel of Fig. 6 it can be seen that a majority of objects in
the sample have a v6 source region preference, but we must be careful to distinguish our
result from the signal that is due to the choice of objects included. (In other words, our
sample could simply be biased toward objects from a region that is simply most effective
in delivering observable telescope targets.) We then normalize the data set to remove
biases that result from having the asteroid sample originate from uneven proportions of
the various source regions. This gives a source region signal relative to the entire
distribution. All values above unity are concluded to have a stronger than average signal
and therefore imply a meteorite class-source region signature. The 54 near-Earth
asteroids are augmented by data from 5 Ordinary Chondrite falls from the H and L
subclasses. These meteorite falls are well documented and have published orbital
elements calculated from their entry trajectory (Innisfree: Halliday et al. 1978, Pribram:
Spumy et al. 2002, Lost City: McCrosky et al. 1971, Farmington: Simonenko et al. 1976,
Dhajala: Ballabh et al. 1978). These objects are given source region probabilities and the
meteorite class probability is assigned to unity for the class to which the meteorite has
been assigned. The data obtained from the fall meteorites do add strength to the source
region analysis, but are not responsible for the identification of the source region
preferences.
Are our results robust or are they significant only because of the specifics of the
data set? We use a Monte-Carlo simulation to provide an estimate of the 1-sigma
uncertainty. The 59 near-Earth asteroids and meteorite falls were divided into 30 subsets
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(top) Correlated source region probabilities for 54 near-Earth objects whose spectral
properties (each treated as a probability distribution) are most closely analogous to
H-, L, and LL-chondrites as well as HED meteorites. Three source regions are
considered: the 3:1 resonance, the v6 resonance, and entry through Mars crossing
(MC) interactions. Here the delivery probabilities are dominated by orbital
characteristics of the sample: on average our observed asteroid sample is biased
towards objects whose delivery probabilities favor the v6 resonance. ("ALL"
grouping, at left.)
(middle) Normalized source region probabilities for H-, L-, and LL-chondrites as
well as HED meteorites, where the normalization is performed relative to the
average delivery probabilities for the entire 54 near-Earth object sample. ("ALL"
grouping at left becomes unity; a value of one implies no residual source region
signature.) Relative to unity, H chondrites show the strongest source region
signature for the 3:1 resonance at the level of 2.1-sigma. (Error bars shown are +
and - one sigma. Error estimations for the values of sigma are given in Section 3.3.)
At about the one-sigma level, L- and LL-chondrites show a tendency more toward
delivery from the inner main-belt via the v6 resonance and Mars crossing region.
HEDs also show a possible preferential signature toward the inner belt, but not at a
level that is significant relative to the one-sigma estimate. Top two panels show
results for 0=0.25 in Eq. 1.
(bottom) Normalized source region probabilities for 0=0.05 in Eq. 1. All results are
consistent with those discussed for 0=0.25.
of 29 objects. The number of subsets was chosen based on the central limit theorem,
which states that the measurements can be treated as being normally distributed for
significantly large sample sizes. The creation of the subsets required the use of fifteen
copies of the full asteroid data set of convolved meteorite class and source region
probabilities (e.g. last row of Fig. 5). For each individual copy, every asteroid was
assigned a random number and that number was used as a sorting method. For each of
the fifteen random number assignments, two subsets are produced. Due to the odd
number of asteroids and meteorite falls, each pair of subsets will share one object
between them. The same calculations that lead to the final source region signature
detailed above are performed on each of the subsets. The standard deviation of the
results can then be calculated.
The results after normalization and error calculation are shown in Figure 6. It can
be seen that the H Ordinary Chondrites show the strongest signature. At the 2-sigma
level the H chondrites prefer a 3:1 mean motion resonance source. Examination of the L
and LL Ordinary Chondrites shows a deficit from the 3:1 resonance at the one-sigma
level. The results from the HED meteorites are inconclusive at this time. These results
suggest that the L and LL OCs most likely originate from an inner main belt source. For
the LL ordinary chondrites this result is consistent with the conclusions of Vernazza et al.
(2008), which show that the Flora family at the inner edge of the main asteroid belt has
spectral properties consistent with LL ordinary chondrites. Implications of the apparent
H chondrite 3:1 resonance source region signature are discussed in Section 4.
A potential source of uncertainty regarding this final result is the robustness with
regard to the choice of the gaussian width employed in the meteorite class probability
calculation. The results discussed above and shown in Fig. 6 (middle) rely on the choice
of a sigma value (Eq. 1), for which we employed a value of 0.25. In order to demonstrate
that the source region signatures are robust to variations of sigma, the source region
signatures and standard deviations have been calculated for multiple sigmas from 0.05 to
0.5. Figure 7 shows the H ordinary chondrite results for the 3:1 mean motion resonance
over the entire range of sigma values. The signal strength does diminish for increasing
values of sigma, but for all sigma values the source region signature remains in the range
of two standard deviations with respect to the Monte Carlo errors of the data set.
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Figure 5. The strength of the H ordinary chondrite 3:1 mean motion
resonance source region signature relative to the model choice of o in
Equation 1. The error bars shown for each of the ten test cases were
derived from the Monte Carlo method described in Section 3.3.
4. Discussion and Conclusions
It has been shown (Gradie and Tedesco 1982, reviewed in Bell et al. 1989) that
there is a heliocentric distribution of asteroid spectral types that appears to correspond to
the temperatures appropriate for the melting and metamorphism of these bodies. Highly
altered spectral types have been shown to reside interior to the largely unaltered bodies of
the outer asteroid belt (Bell et al. 1989). The boundaries between these distinct asteroid
populations are not believed to be sharp. Gradie and Tedesco (1982) found that asteroids
of different types mix over scales of 1 AU. Our data show that the H ordinary chondrites
have a distinct source region signature for their delivery being conducted through the 3:1
mean motion resonance as compared to other inner belt asteroid sources. This would
require an amount of segregation within the inner asteroid belt on scales far smaller than
1 AU. This result is supported by the distribution of olivine and pyroxene derived from
spectral properties of S-, A-, V- and R-type asteroids in the inner main-belt (Storm et al.
2007).
Our source region results are supported by the trends in cosmic ray exposure ages
of ordinary chondrites (Marti and Graf 1992). Integrations in Bottke et al. (2002b) show
that the 3:1 resonance can pump up eccentricities of objects into Earth- and Mars-
crossing orbits in less than 1 Myrs. These bodies then spend a mean time of 2.2 Myrs in
the near-Earth object region before being removed from the system. The relative
"express delivery" mechanics of the 3:1 resonance stand in contrast to the multiple and
generally less rapid methods available at the inner edge of the asteroid belt for delivery to
near-Earth space. The v6 secular resonance defines the inner edge of the main belt.
When the strongest parts of this resonance were examined (Bottke et al. 2002b) objects
were able to reach near-Earth space in approximately 1 Myrs with an average dynamical
lifetime of 6.5 Myrs once near-Earth space is reached. The other significant source at the
inner edge of the main belt is the Mars-Crossing (MC) region. The delivery period here
is variable since it depends on the eccentricity of Mars, which varies (from 0.01 to 0.12)
over a period of 2 Myrs, and on a slow transition from inner main belt orbit to Mars-
Crossing orbit to near-Earth orbit. This process can take far longer than other resonant
deliveries and was defined as less than 100 Myrs in the Bottke et al. (2002b) work. The
dynamical lifetime for this population once they have reached near-Earth space is 3.85
Myrs. Given this information we expect that objects from the 3:1 resonance source
region should show shorter delivery timescales than those from the v6 resonance and the
MC region. This is consistent with L and LL ordinary chondrites having cosmic ray
exposure ages longer and with a wider spread than those of the H type (Marti and Graf
1992). A wide spread in cosmic ray exposure ages can imply a variety of delivery
mechanisms, such as are available in the inner main belt for the L and LL ordinary
chondrites.
Suggesting the 3:1 resonance as the preferred source region for H ordinary
chondrites does not conflict with previous work that suggests (6) Hebe as a potential
parent body for the H chondrites (Gaffey and Gilbert 1998). If Hebe is an (or the) H
chondrite parent body, the 3:1 source region preference would imply that any samples
ejected from Hebe were preferentially directed (or could preferentially drift) toward the
3:1 resonance.
In conclusion, our work suggests a preferred source region signature for the H
ordinary chondrites originating from the 3:1 mean motion resonance with Jupiter. While
there is no strong single signature for the L and LL ordinary chondrites, the results
suggest they favor an inner edge origin. These results support the Vernazza et al. (2008)
finding for LL chondrites to have an inner belt source (likely the Flora family) at the v6
resonance. Taken together, plausible source regions for two of the three classes of
ordinary chondrites appear to be indicated, with the L chondrites having a more diverse
pathway to Earth.
Chapter 3
Potential Sources of Spectroscopic Error
1. Introduction
The study of asteroid and meteorite spectroscopy is a science based on
comparisons. These comparisons can introduce several sources of debate. The previous
chapter discussed the connection of meteorites to near-Earth asteroids using quantitative
spectral properties. These properties are characteristic of the mineralogies that should
form the basis for the connection between these two types of bodies. Even though
spectral features are diagnostic of composition, there are a variety of circumstances that
can alter these diagnostic signals.
This chapter will address the sources of potential error in the spectroscopic
investigation and its effect on the source region analysis.
2. Gaffey S-class Subtypes
A potential pitfall presented by taxonomic classifications is the desire to assign
specific mineralogies to asteroid classes. The principal component analysis used in
defining each of the taxonomic classes has no compositional information. Even without
specific mineralogical information, one can assume that asteroids of different taxonomic
types are products of different materials and/or different histories. The reverse however
is not necessarily true: being from the same taxonomic type does not guarantee the same
mineralogy. It is with this idea in mind that Gaffey et al. (1993) investigated potential
variations in composition within the S-class objects.
Using a variety of spectral parameters that are similar, but not identical to those
previously presented, Gaffey et al. (1993) divided S-type objects into seven distinct
compositional subclasses, S(I) to S(VII). These types are meant to define distinct surface
compositions and span the entire possible mineralogic range for S-type bodies. The
compositional range of these subclasses is outlined as follows:
S(I): These asteroids are nearly monomineralic olivine. This is displayed
as a large 1- tm absorption feature with a negligible 2-tm absorption
feature.
S(IV): These asteroids consist of olivine-orthopyroxene mixtures. They
exhibit absorption features at 1- and 2-tm.
S(VII): These objects have quantitative properties similar to basaltic
achondrites. They exhibit large, distinct 1- and 2- tm features consistent
with pyroxene dominated bodies.
These seven subclasses can be thought of as a progression of solid solutions from olivine
to pyroxene, in a manner similar to the progression of olivine [(Mg,Fe) 2SiO4] from
forsterite [Mg 2SiO 4] to fayalite [Fe 2 SiO 4]. It is in the middle of the S-type asteroid
progression from S(I) to S(VII), when olivine and pyroxene coexist, that the Gaffey et al.
analysis finds the best match to ordinary chondrites. The work concludes that the S(IV)-
subclass is the only reasonable candidate for ordinary chondrite parent bodies. The S(IV)
objects are the most numerous of all subclasses, comprising approximately 25% of the S-
asteroids. Their viability as ordinary chondrite parent bodies is increased by observations
that show high concentrations near the 3:1 mean motion resonance in the main-belt.
The sample of S-type asteroids used to investigate potential meteorite class source
regions was not chosen to include only those of the Gaffey S(IV)-subclass. In order to
HL 215
Coffy S-Rpootyps A s[S(I)
. .AA ..
I .AA. , AS At
A" * a .A.c r
0 I 1.5 2 26 3 066
Bnd Ar Rato (BAR) Geotrii Band Cmr (I-I. m
A Figure 1. Comparisons of Gaffey
S A " S-subclass prototypes [S(I)-
i AA .A S(VII)] from SMASS with
2 r . o th calculated spectral properties ofH, L, and LL Ordinary
Chondrites and HED Meteorites.
0 05 1.5 2 25 3 35
"d Are Ratio IBAR)
address the possibility that the previously defined asteroid and meteorite data sets are not
in conflict with the mineralogic constraints of the Gaffey S-subtypes, we investigate the
spectral properties of main-belt prototypes from each subclass as defined in the Gaffey et
al. (1993) work. We examine the S-subclass prototypes as a whole against the calculated
spectral properties of the meteorite data set. This meteorite data set consists of H, L and
LL ordinary chondrites and HED meteorities. The main-belt S-subclass prototypes were
examined using two approaches. One investigation utilized the data Gaffey et al. (1993)
employed to identify and define the subclasses, which was a combination of the 24-color
Asteroid Survey (Chapman et al. 1993) and the 52-color Asteroid Survey (Bell et al.
1995). We also include a select number of subclass prototype spectra from the Small
Main-belt Asteroid Spectroscopic Survey (SMASS) (Bus and Binzel 2002, Burbine and
Binzel 2002). The results of this comparison can be seen in Figure 1, which shows the
three dimensions of spectral parameters defined in the previous chapter. The
juxtaposition of Gaffey S-subclass prototypes with the meteorite data set shows that very
few objects exist outside the area defined by the meteorite properties.
Figure 2 shows the meteorite data set compared to data from each Gaffey S-
subclass for two data sets: 24- and 52-color data (Chapman et al. 1993; Bell et al. 1995)
and SMASS data (this work). Figure 2A confirms the findings of Gaffey et al. (1993):
spectral parameters derived from the 24- and 52-color data sets best match measured
ordinary chondrite meteorite parameters within the S(IV) subclass. For SMASS data
(Figure 2B), the same observed objects generally overlay the meteorite field more
closely. This concordance may be the result of the asteroid and meteorite measurements
being more similar in their sampling. (Laboratory meteorite spectra and modern CCD
spectra for asteroids both have several hundred channels measured over the full
wavelength range.) The only subclass that appears to be inconsistent with the area
defined by the meteorite spectral properties is the S(I) class. Only one of the three S(I)
prototypes was available for use in this comparison, so it is difficult to make a conclusion
based on that data alone. Another S(I) prototype was available from the SMASS
collection, but this object was not able to be fit using the Modified Gaussian Method
(MGM). The spectral fitting method defined in Chapter 2 requires a continuum that is
defined as a line in wavenumber space. In a successful fit this continuum exhibits itself
as a curve that is tangent to the spectrum. For the failed fit of S(I) prototype (354)
Eleonora, this tangent curve did not fit the shape of the spectral slope and was unable to
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Table 1. Spectral Parameters for Gaffey S-subclass prototypes
Small Main-belt Asteroid
24- and 52- color Asteroid Survey Spectroscopic SurveySpectroscopic Survey
RAR GRC 1 GBC2 BAR GBC1 GBC2
I 42 Isis 0.576 1.0987 2.3610 0.361 1.120 2.130
II 26 Proserpina 1.224 1.0987 2.1400 0.898 1.035 2.100
II 39 Laetitia 0.720 1.0987 2.1400 0.389 1.070 2.075
II-III 63 Ausonia 0.548 1.0987 2.0280 1.017 1.035 2.030
III 15 Eunomia 0.324 1.0987 2.0280 0.558 1.055 2.065
III 15 Eunomia 0.606 1.0987 2.1400 0.264 1.075 1.960
III 532 Herculina 0.609 1.0740 2.1400 0.842 1.035 2.030
III 532 Herculina 0.828 1.025 2.045
III-IV 115 Thyra 1.309 1.0247 2.1960 1.961 0.985 2.055
IV 3 Juno 0.452 1.0247 2.0280 0.587 1.020 1.995
IV 3 Juno 0.644 1.020 2.010
IV 3 Juno 0.908 1.025 2.055
IV 7 Iris 0.387 1.050 1.995
IV 7 Iris 0.370 1.0493 2.0280 0.674 1.040 2.045
IV 25 Phocaea 0.548 1.0740 2.1400 1.074 1.040 2.075
IV 27 Euterpe 0.856 1.0740 2.0280 0.697 1.040 2.045
IV 27 Euterpe 0.929 1.040 2.085
IV 32 Pomona 0.779 1.0001 2.0280 0.895 0.990 2.010
IV 33 Polyhymnia 2.345 0.965 2.050
IV 67 Asia 1.467 0.985 2.010
V 18 Melpomene 0.511 1.0493 2.0840 1.927 0.990 2.070
V 18 Melpomene 1.007 1.0493 2.1960
V 29 Amphitrite 0.740 1.0247 2.0280 0.805 1.010 2.075
V 37 Fides 1.012 1.0493 2.0280 1.732 0.995 2.055
V 258 Tyche 1.552 1.0493 2.0840 1.903 0.975 2.035
V 258 Tyche 2.928 1.0001 2.0840
V 389 Industria 1.451 1.0247 2.0840 1.713 0.980 2.060
VI 20 Massalia 1.376 1.0001 2.0280 1.461 0.985 2.020
VI 82 Alkmene 3.362 1.0001 2.0840 2.690 0.965 2.060
VII 40 Harmonia 1.690 1.0247 2.0840 0.619 1.000 2.105
VII 57 Mnemosyne 1.832 0.970 2.050
model the shallow 2-tm absorption feature. The inappropriate nature of this spectrum
for the defined modeling process and the distant location of the only available S(I)
spectral data with respect to the meteorite classes imply that the S(I) objects may be
inappropriate for comparisons to ordinary chondrite meteorites. However, some fraction
of the S(I) spectra will be removed by virtue of their inability to conform to the MGM
modeling procedure. For the SMASS data, the S(IV) prototypes are the most consistent
with the area defined by the meteorite spectral data, in good agreement with Gaffey et al.
(1993). The overall concordance of our similarly sampled asteroid spectra, compared
with laboratory meteorite data, gives the rationale for conducting the meteorite
probability analysis very broadly among nearly all varieties of S-types, except those
(generally the S(I) subclass) that are outside the range of the model fits.
All spectral parameters for the Gaffey S-subclass prototypes are shown in Table
1.
3. Grain Size
Variations in grain size impart a non-negligible change in the spectral parameters
used as the basis for connections between asteroids and meteorites. Johnson and Fanale
(1973) first described the effects of differing grain size on the spectral reflectance of
meteorite samples. Meteorite samples that are examined in spectroscopic facilities have
the benefit of in situ analysis. An investigator knows the state of the rock being studied
and often this investigator has ground and sieved the sample to a powder of known
granular sizes. The spectra obtained from asteroids have no such background
information. Most asteroids are thought to be covered by some amount of regolith, but
the distribution of this covering and the sizes of the grains contained within it are largely
unknown. The Near-Earth Asteroid Rendezvous (NEAR) and Hayabusa missions have
provided a plethora of information for two examples of S-type bodies in near-Earth
space. However, the results concerning the grain size and distribution of regolith were
very different. In their examination of Eros, Riner et al. (2008) show that the color of the
ponded deposits is due to an optically dominant particle size of < 50 [tm and an average
particle size that is not much larger than 50 [tm. One of the most interesting results of the
Hayabusa mission to Itokawa was the investigation of the surface properties and their
large disparity with what was learned from Near-Earth Asteroid Rendezvous (NEAR)
mission at Eros. Instead of large, smooth ponds with fine grain sizes, images of Itokawa
suggested that the Muses Sea was composed of gravel-like deposits with grain sizes
ranging from sub-centimeter to centimeter scale (Miyamoto et al. 2006). Both Eros and
Itokawa are S-type bodies, so the grain size of the regolith is a trait of its own evolutional
history and not its composition. The surface particle sizes are likely due to the size and
surface gravity regimes of the two objects. Eros is a much larger asteroid (mean radius of
731 im, Zuber et al. 2000) whose size enables the body to retain small regolith particles
that would be lost by Itokawa (longest axis is 535m, Fujiwara et al. 2006).
The fraction of light that is scattered and absorbed by a grain is dependent on the
size of the grain. Scattering is controlled by reflections from the grain surfaces and
internal imperfections (Clark 1999). In the visible and near-infrared wavelength range
used in this work and in many other asteroid spectroscopy investigations, multiple
scattering dominates. Smaller grains will have proportionally more surface reflections
than internal path lengths. Since a larger grain provides a greater internal path where
photons may be absorbed, reflectance decreases as grain size increases. Generally this
implies a change in the location of the spectral continuum with changing grain size. This
effect will be partially mitigated by the normalization techniques used on asteroid
spectra. However, absorption band contrast is also dependent on particle size.
The effect of grain size on the size and shape of absorption bands is far more
important to this investigation. For small optically thin particles, the band contrast is
small. As the particle size increases the band contrast increases to a maximum value
defined by Hapke (1993). For increasing particle size beyond this maximum, the band
contrast decreases as the particle becomes optically thick. It is important to note that the
band contrast is not a monotonic function of the particle size. The changes in band
contrast are depicted in Figure 3.
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Figure 3. L6 Ordinary Chondrite La Criolla spectra from the NASA Reflectance
Experiment Laboratory (RELAB). The three spectra were taken at different grain
sizes (< 50 pm, < 150 lpm and < 350 pm) as noted in the figure. (The reflectance
scaling is not changed by differing grain sizes; thus the vertical offset is a manual
offset for clarity.) The three spectra show the increase in band contrast from < 50
ipm to <150 tpm and slight decrease in band depth from < 150 [tm to < 350 [pm.
Numerous ordinary chondrite and HED meteorites were examined in order to
describe the changes in spectral parameters due to differing grain sizes. These data were
obtained from the NASA Reflectance Experiment Laboratory (RELAB) at Brown
University (Pieters and Hiroi 2004). For each meteorite, all grain size variations were
part of a single investigation. In order to differentiate each spectrum within a data set, all
files were assigned an alphanumeric code that allowed for designation of specific particle
sizes. Many samples contained precise grain size information, however some samples
were labeled only as chip or particulate. While it is clear that the particulate sample has
been ground into regolith-type soil, the size of the grains were not specified. The
meteorites examined, the grain sizes of the samples and their spectral parameters are
listed in Table 2. Overall it appears that the ordinary chondrites have spectral parameters
that are more consistent over varying grain sizes than the HED meteorites. In a manner
similar to the investigation of Gaffey S-subclasses, each meteorite is compared to the
background meteorite data set of the previous chapter.
Several ordinary chondrites have a tight clustering of spectral parameters when
examined. A prime example is the variation found in the spectra of the H ordinary
chondrite Nuevo Mercurio. This meteorite has six different measurements at three
different grain sizes. The error contribution from varying grain sizes would only
drastically change the results of a model if they exceeded the inherent error in the
observational process. The asteroid (1862) Apollo was observed on three different
occasions and all of the spectra were included in the meteorite source region model. The
different spectra for Apollo show the precision limit in the observational methods of
asteroid spectroscopy. Figure 4 shows the results of Nuevo Mercurio compared to these
measurements of (1862) Apollo. The area covered by the various measurements of
Nuevo Mercurio is similar to the area encompassed by the three separate measurements
of Apollo. A potential problem seen in the results of Nuevo Mercurio is that although the
meteorite is known to be an H ordinary chondrite (OC) its location on the Band Area
Table 2. Spectral Parameters for Ordinary Chondrites and
HEDs of various grain sizes.
H5 Nuevo Mercurio-B
Grains (pm)
< 150
BAR
0.3463
GBC1
1.0100
GBC2
1.9100
Nuevo Mercurio-C < 350 0.4302 1.0100 1.9300
Nuevo Mercurio-D < 350 0.3087 1.0250 1.9200
Nuevo Mercurio-F <50 0.4282 1.0000 1.9200
Nuevo Mercurio-G < 150 0.4165 1.0050 1.9250
Nuevo Mercurio-H < 350 0.4329 1.0050 1.9300
L3 Y74191-A <25 0.5577 1.0150 2.0250
Y74191-B 25-45 0.5042 1.0100 1.9600
Y74191-C 45-75 0.8262 0.9900 1.9700
Y74191-D 75-125 1.1519 0.9750 1.9950
L4 Saratov-A < 10 2.2708 1.0200 2.1550
Saratov-B 10-45 1.4077 1.0050 2.0650
Saratov-C 45-94 1.2368 0.9950 2.0600
0 Saratov-D 94-200 1.8161 0.9750 2.0350
U Saratov-E 200-370 1.5499 0.9900 2.0300
Saratov-H < 370 1.4187 1.0250 2.1000
L5 Farmington-P 1 20-250 1.1901 1.0150 2.0700
0 Farmington Chip 0.9117 0.9700 1.9400
L5 Tsarev-P2 < 63 0.8184 1.0100 2.0200
Tsarev-P3 63-125 0.8276 1.0100 1.9400
Tsarev-P4 125-250 1.4077 0.9900 1.9700
Tsarev-P5 250-500 1.6181 0.9700 2.0200
L6 LaCriolla-B < 150 1.1212 0.9850 1.9900
LaCriolla-C < 350 1.0954 0.9850 1.9950
LL6 Y74646-A < 25 0.4972 1.0350 2.0150
Y74646-B 25-45 0.2605 1.0300 1.9400
Y74646-C 45-75 0.3856 1.0150 1.9700
LL6 Bison-A < 63 0.3278 1.0450 1.9750
Bison-B 63-125 0.3170 1.0500 1.9700
D Johnstown-C Chip 3.9185 0.9300 1.9550
Johnstown-P Particulate 3.2885 0.9300 1.9450
H EET87503-B 25-45 2.1327 0.9450 2.0200
EET87503-C 45-75 2.4228 0.9450 2.0100
EET87503-D 75-125 2.9913 0.9450 2.0400
EET87503-E 125-250 3.4608 0.9450 2.0550
EET87503-F 250-500 4.4612 0.9450 2.0700
EET87503-G < 25 2.2978 0.9450 2.0550
EET87503-H < 150 2.2050 0.9500 2.0350
E Bouvante-028 < 250 4.0233 1.0000 2.0900
Bouvante-029 < 500 4.4170 0.9900 2.0900
. E Juvinas-1 Chip 2.9508 0.9800 2.0850
Juvinas-2 Chip 2.8732 0.9800 2.0800
Juvinas-A < 25 2.1182 0.9600 2.0550
Juvinas-B 25-45 2.4449 0.9750 2.0700
Juvinas-C 45-75 2.7253 0.9850 2.0800
Juvinas-D 75-125 3.0441 0.9950 2.0900
Juvinas-E 125-250 3.2637 1.0000 2.0900
E Stannem-C Chip 5.5870 0.9650 2.0750
Stannem-P Particulate 4.4407 0.9700 2.0700
E Tatahouine-C Chip 3.7264 0.9150 1.9600
Tatahouine-P Particulate 2.3264 0.9150 1.9250
* H H
* LL t* LL
* HED * HED
10 A HS Nuevo Mercurio A A (1862)Apolo
(left) 5 Nuevo Mercurio, (right) (1862) Apollo0. t 15 2 .s 3 3 0 01 I t 2 26 3 35
Bnd eA R00 (BAR) Band kA Rato (BAR)Figure 4. Comparisons of objects against a background of
meteorite results from source region model.
(left) H5 Nuevo Mercurio, (right) (1862) Apollo
Ratio (BAR) v. Geometric Band Center 1- tm (GBC1) diagram is just inside the region
dominated by L ordinary chondrites. This object, while having a high probability of
being classified as an H OC, would also have a high probability of being labeled as an L
OC.
Another interesting example in the ordinary chondrite meteorite class is L5
Tsarev (Figure 5). Instead of grinding the sample and removing all components greater
than a specific size such as was done with Nuevo Mercurio, this meteorite was sieved
into samples with distinct upper and lower bounds for the grains contained within. This
has caused two different signals in the data. Of the four data points in the Tsarev sample,
two cluster extremely closely in the L ordinary chondrite region (< 63-[pm and 63-125-
[tm) and the other two reside in the transition between H ordinary chondrite and HED
meteorite (125-250-[tm and 250-500-[tm). This discrepancy is more likely a factor of
different mineralogies in the small and large grained samples than grain size scattering
effects.
The HED meteorites encompass a large range of spectral parameters for varying
grain size. However unlike the ordinary chondrites, the parameters remain within the
HED portion of the background data set. Since the probability model depends on the
proximity of each datum to the location of every meteorite and the class of every
meteorite, the large data spread should have little or no effect on the outcome of the
probability model. The eucrite Juvinas displays variations typical of the HED meteorites
(Figure 6).
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Figure 5. L5 Tsarev compared
to background of meteorite
results from source region
model. It appears that two
different mineralogies dominate
among the four samples.
Figure 6. Eucrite Juvinas
compared to background of
meteorite results from source
region model. While the data
seems to span a region larger
than seen in the majority of
ordinary chondrites, it remains
confined to the HED region of
the background data set.
4. Temperature
The effect of temperature of an object at the point of observation begins at a
fundamental level. The temperature of a medium will define the amplitude of thermal
vibrations and interatomic distances between the elements in the silicate matrix. In
general, there are two key crystal field theory predictions (Bums 1993) that contribute to
the changes seen in the laboratory (e.g. Schade and Wisch 1999, Moroz et al. 2000). A
decrease in temperature will reduce the amplitude of the thermal vibrations of the cation
(e.g. Fe2+, Ca2+), which causes a narrowing of the absorption band (Bums 1993). Lower
temperatures will also lead to a contraction of the lattice that results in a smaller
interatomic distance between the cation and oxygen. This results in an increase in the
crystal field splitting energy. The absorption band in question should then shift to a
higher energy (shorter) wavelength. In an ideal world, these properties would be
applicable for all silicates used in this investigation. Unfortunately factors such as
differential contraction surrounding the cation, the inclusion of Ca2+ in pyroxene and the
probabilities of certain electronic transitions do not allow for valid predictions of spectral
changes with temperature (Moroz et al. 2000).
The temperature at which any spectral measurement is made can influence the
spectral parameters. In this science of comparisons, the problem of temperature is two
fold: the disparity between near-Earth space and the laboratory and the disparities
between locations in near-Earth space. The problem of correcting for temperature
variation in near-Earth space is made difficult by the wide range of temperatures
available in this region. Table 3 shows approximate effective temperatures for all
asteroids used in the source region model. These temperatures were calculated by using
Table 3. Asteroids from source region model. Includes date of observation, the
distance from the sun for each object and the approximate effective temperature.
Bus DeMeo Date of r (Sun) at Approximate
Type Type Observation Observation Temperature (K)
1036 Ganymed S Sr 26-Jan-04 3.338 143
5143 Heracles O O 25-Oct-06 1.707 178
4055 Magellan V 11-Apr-05 1.843 180
1864 Daedalus Sr Sq 29-Mar-01 1.888 190
3122 Florence S Qw 26-Jan-04 1.809 194
433 Eros S Sw 17-Jun-02 1.770 196
1685 Toro S S 9-Mar-05 1.688 201
3199 Nefertiti Sq K 30-Jan-01 1.607 206
137062 1998 WM Sq Sr 27-Oct-02 1.605 206
6455 1992 HE S Srw 28-Oct-02 1.591 207
24475 2000 VN2 Sw 29-Mar-01 1.546 210
5587 1990 SB Sq Sr 28-Mar-01 1.491 213
1943 Anteros Sw 12-Jan-02 1.461 216
5604 1992 FE V 29-Mar-01 1.258 217
24445 2000 PM8 1-Oct-03 1.404 220
1620 Geographos S S 29-Jan-01 1.392 221
6047 1991 TBI S S 8-Oct-05 1.387 221
3102 Krok Sqw 9-Oct-00 1.381 222
5660 1974 MA Q Q 9-Jul-05 1.356 223
54690 2001 EB S 28-Mar-01 1.357 224
3753 Cruithne Q Q 15-Sep-02 1.343 224
2063 Bacchus Sq Sq 19-May-05 1.336 225
3908 Nyx V 15-Sep-04 1.153 227
86819 2000GK137 Sq 9-Oct-00 1.292 229
162781 2000 XL44 S 29-Jan-01 1.277 231
1916 Boreas Sw 14-Aug-01 1.271 231
89355 2001VS78 Sr 15-Apr-02 1.265 232
20790 2000 SE45 S 29-Jan-01 1.256 233
4197 1982 TA Sq Sq 1-Oct-03 1.229 235
18736 1998 NU Sw 30-Jan-01 1.213 237
53435 1999 VM40 Srw 25-Oct-06 1.212 237
22771 1999 CU3 S 16-Oct-03 1.211 237
7341 1991 VK Sq Q 16-Mar-02 1.201 237
35107 1991 VH Sq 27-Dec-02 1.201 238
719 Albert S 23-Aug-01 1.192 239
66146 1998 TU3 Q 1-Oct-03 1.168 240
1980 Tezcatlipoca Sl Sw 25-Oct-06 1.169 241
25143 Itokawa S 19-Feb-01 1.153 243
98943 2001 CC21 Sw 24-Oct-04 1.142 244
1862 Apollo' Q Q 22-Nov-05 1.126 245
19356 1997 GH3 S Sq 30-Jan-01 1.119 246
2002 AA S 13-Jan-02 1.113 247
162058 1997 AE12 Q 16-Oct-03 1.098 248
4179 Toutatis Sk Sq 15-Sep-04 1.088 250
52340 1992 SY 27-Dec-02 1.061 252
138258 2000 GD2 Q 15-Mar-02 1.058 253
99907 1989 VA Sq Sr 27-Oct-02 1.062 253
2002 AV S 13-Jan-02 1.047 255
1862 Apollo' Q Q 13-Nov-05 1.041 255
6239 Minos Sqw 26-Jan-04 1.037 256
1862 Apollo' Q Q 12-Nov-05 1.031 256
200840 2001 XN254 S 14-Apr-02 1.034 256
99942 Apophis 8-Jan-05 1.016 259
87684 2000 SY2 27-Dec-02 0.685 315
Apollo near-IR observations from three different nights
the distance of the object from the sun (using the Minor Planet Center Ephemeris service)
on the date of the observation and an albedo from Stuart and Binzel (2004) chosen by the
taxonomic class of the object. We assume a beaming parameter of unity. This sample
contains approximate temperatures from 143 K to 315 K. If the one object not in near-
Earth space at the time of observation (1036) Ganymed, is not included in this
temperature range, the lowest temperature would rise to 178 K. In contrast to this near-
Earth temperature range, an S-type object that was observed at both the inner and outer
edges of the main-belt would have an approximate temperature range of 182 K to 144 K.
Near-Earth space has the advantage of its temperature range encompassing room
temperature, where most meteorite samples are studied.
Schade and Waisch (1999) and Moroz et al. (2000) investigated the effects of low
temperature on ordinary chondrites, HEDs and olivine-orthopyroxene mixtures. Each
sample had a spectrum taken at 293 K, 173 K and 80 K. The majority of near-Earth
asteroid observations can be addressed by the results from 293 K and 173 K. These
works investigated the effects of temperature on the traditional band center. We expect
the geometric band center to be less susceptible to small-scale changes than the
traditional band center. This is due to the fact that the geometric band center (GBC) is
dependent on the size of the entire absorption band, but a traditional band center (TBC) is
defined as the band minimum after removing a linear continuum. For the 1- tm feature in
ordinary chondrites results show a shift in wavelength at lower temperatures that is
dependent on the ratio of orthopyroxene/(orthopyroxene + olivine). This value is
typically determined by the calculation of traditional Band Area Ratio (BAR) due to the
locations of the absorption features for these minerals. For objects where orthopyroxene
dominates the absorption spectra (H and L ordinary chondrites), the band center moves to
shorter wavelengths as predicted by crystal field theory. When olivine is the dominant
mineral in the spectra (LL ordinary chondrites), the band center moves contrary to
expectations towards longer wavelengths. The 2-tm feature in ordinary chondrites
shows a shift toward shorter wavelength for lower temperatures. Average changes in the
1-[tm and 2-[tm TBC are approximately +0.05/-0.10 and -0.05 respectively (Moroz et al.
2000).
It was previously mentioned that lower temperatures result in a narrowing of
absorption bands. A consequence of this narrowing is that specific features for each
mineral will become more pronounced (Moroz et al. 2000). For example, the 1-Rm
absorption band in ordinary chondrites is due to both olivine (1.05-1.1-[tm) and
orthopyroxene (0.9-0.94-[tm). While these two mineral features will always interact to
create the feature seen at 1-[m, at low temperature the long wavelength side of the
feature will show a distinct curve due to olivine before completing the absorption feature
and returning to the level of the continuum. This type of curve can be seen in the 1.3-1.5-
[tm region of the (1862) Apollo spectrum in Figure 8. For ordinary chondrites this effect
causes a net increase in Band Area Ratio (BAR) of approximately 0.10. It should be
noted that the BAR traditionally used in previous work calculates the area of each band
relative to linear continua that are defined by the local maxima adjacent to the absorption
bands.
Since our defined spectral parameters are more robust to spectral variations, the
variations in spectral parameters presented by Moroz et al. (2000) provide maximum
errors on the asteroid data set. In order to gain an accurate understanding of temperature
effects on our spectral parameters we investigated the spectra of ordinary chondrites L5
Elenovka and LL4 Soko Banja at three temperatures (80, 173, 293K). The spectra used
were those presented in the Moroz et al. (2000) paper. Table 4 and Figure 7 show the
results for these two objects with respect to the background meteorite data set. The
arrows indicate lower temperature. For the near-Earth region temperature regime, the
two points farthest left (293 to 173K) are the most valuable to understanding the changes
in spectral parameters. Since the overall spread is not large, we include the 80K data
Table 4. Spectral Parameters for Ordinary Chondrite Meteorites at varying temperatures.
L5 Elenovka 80K 0.9719 0.9994 1.944
173K 0.6680 1.0045 1.9305
293K 0.4342 1.0079 1.9237
LL4 Soko Banja 80K 1.1016 1.0543 2.1095
173K 0.8919 1.0543 2.093
293K 0.4794 1.0633 2.0435
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points in the discussion. Both objects fit solidly within their respective meteorite classes
and display much larger changes in Band Area Ratio (BAR) than in Geometric Band
Center at 1-tm (GBC1). With respect to the meteorite class probability model, a large
change in GBC1 is more likely to change the dominant meteorite class assignment. The
changes shown are not entirely negligible for those whose mineralogic investigations
require precisions, but will not have a large effect on the probabilistic method of
determining meteorite classes and therefore will not have a large effect on the final
source region analysis.
5. Space Weathering
Space weathering describes the optical effects of processes operating on bodies in
the harsh environment of space. While scientists had long suspected a maturation process
for lunar soils (Gold 1955), the difference in optical properties of mature lunar soil and
fresh pulverized lunar rock of similar composition was not confirmed until McCord and
Johnson (1970). The samples that had spent time in the harsh lunar environment
displayed a decreased band depth and an increased spectral slope when compared to their
fresh counterparts (Adams and McCord 1973). The question of whether or not this
process was acting on asteroidal bodies was still open to debate. Arguably the best
meteorite-asteroid match has come from the asteroid (4) Vesta (and the V-type asteroids)
and the Howardite, Eucrite and Diogenite (HED) meteorites (McCord et al. 1970). The
large diagnostic orthopyroxene bands in HED meteorites at 1- and 2-iim are a nearly
identical match to the spectra of Vesta and the V-type asteroids. This strong correlation
shows these bodies to be free of a significant degree of optical alteration. For years one
incomplete link was that of ordinary chondrites to their possible main-belt taxonomic
grouping. Results (e.g. McFadden et al. 1985, Binzel et al. 2004) now suggest links
between ordinary chondrites and Q-type asteroids and between Q-type and S-type
spectra. The main differences between these two spectral types are exactly those traits
that separate fresh and mature lunar soils. Examples of these taxonomic types in near-
Earth space are shown in Figure 8.
For years after the process had been generally accepted, the question of the
physical cause of space weathering still remained open. Past work (e.g. Hapke 1973)
predicted that the process acting on lunar soils was the development and accumulation of
submicroscopic single-domain metallic iron particles. These iron particles are commonly
known as "nanophase reduced iron" or "npFeo." Pieters et al. (2000) confirmed the
presence of these particles that are produced by the reduction of iron oxide (FeO) in
minerals. The work demonstrated that the nanophase iron particles formed layered rims
on soil grains. The deposits accumulate due to fractionation processes as a result of ion-
particle sputtering (solar wind) and vapor deposits from energetic impacts
(micrometeorites). The degree of weathering experienced by a body is a function of the
amount of nanophase iron present on the grains being examined. The two high-energy
processes responsible for the fractionation are a function of the objects position in the
solar system. For this reason we expect near-Earth objects to reach a mature soil state in
less time than it would take for the weathering process to complete in the main-belt.
Previous work has focused on simulating the influence of the two processes that
contribute to the space weathering of soils. In order to assess the effects of space
weathering on meteorites and meteorite-like materials, samples are irradiated by laser or
ion bombardment. The acquisition of spectra before and after the irradiation processes
allows for confirmation of the process and examination of changes in spectral shape and
parameters. Laboratory studies use laser pulses in a vacuum to simulate the effects of
micrometeorite bombardment (Moroz et al. 1996). This is chosen to mimic the rapid
melting and crystallization of surface minerals that occurs in an impact environment.
Simulation of solar wind bombardment is achieved using ion irradiation of energies up to
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several hundred keV (Brunetto et al. 2006). It should be noted that the resulting samples
should remain in vacuum or an inert gas prior to and during the spectroscopy. Due to the
fact that space weathering is caused by reduced iron particles, exposing the sample to
atmosphere has the potential to introduce oxidation and invalidate the result. The ion
bombardment acts through elastic collisions and Strazzulla et al. (2005) suggested that
the spectral alteration was due to the displacement of nuclei or the target minerals. An
interesting conclusion in the Strazzulla et al. work was a derivation of an approximate
time scale for full optical maturation of ordinary chondrite-like surfaces in near-Earth
space via space weathering. Using the measured flux of argon ions at 1 AU from the sun
and the known fluence of the experimental bombardment, an irradiation time of 1.3 x 106
yrs was calculated. The use of 60 keV Ar++ ions in their study provides a lower limit on
the speed of the process-and an upper limit for saturation time-because the solar wind
contains a wide range of ions aside from argon. Studies of young and fresh asteroid
surfaces in young asteroid families (Vernazza et al. 2009) indeed point to solar wind as a
very rapid first step in the weathering process.
To address the effects of space weathering on spectral parameters, fresh and
irradiated spectra from four meteorites were examined. Data for two laser irradiated
HED meteorites (D-Johnstown and E-Millbillillie) were obtained from the NASA
Reflectance Experiment Laboratory (RELAB) at Brown University. Laser irradiated
spectra of the L5 ordinary chondrite Elenovka (from Moroz et al. 1996) were also
obtained from the RELAB database. Spectra from the ion bombardment of H5 ordinary
chondrite Epinal (Strazzulla et al. 2005) was obtained directly from G. Strazzulla. Table
4 shows the spectral parameters of these samples. The fresh sample is designated as "A"
and each subsequent letter is a progressive grade of irradiation.
As done in previous sections, the results will be shown with respect to the band
area ratios (BARs) and geometric band centers of the 1-tm (GBC 1) absorption features
of the source region meteorite data set. The HED meteorites exhibit no change in the
value of GBC 1 for either sample, but show a moderate increase in band area ratio as
displayed in Figure 9. The HEDs do exhibit changes in the location of GBC2, although
no generalizations can be made since each sample shifted in a different direction in
wavelength. As expected from the example of (4) Vesta and the HED meteorites, space
weathering has a minimal effect on the spectral parameters of the bodies. The parameter
changes calculated leave the objects within the spectral region defined for HEDs in the
background meteorite sample. The ordinary chondrites studied have only moderate
changes in their spectral parameters. For increasing irradiation, the OC meteorites tend
to shift to longer wavelengths for GBC 1. The Epinal sample had a constant increase in
BAR with increasing irradiation, while the Elenovka sample went to smaller BAR when
irradiated. Due to small number statistics, no conclusions can be drawn as to whether the
change in BAR is a function of ordinary chondrite subclass or irradiation technique. The
changes in spectral parameters for the ordinary chondrites are shown in Figure 10. The
parameter changes for the OCs are small enough that a different figure scale was needed
for appreciation of the transitions. These changes are not entirely neglible since they do
have the ability to shift the prediction from one region of ordinary chondrite or another.
For ease of understanding, Figures 8 and 9 are labeled with arrows that mark the direction
of the change with increasing irradiation.
Table 5. Spectral parameters for irradiated meteorites.
BAR GBC1 GBC2
D Johnstown-A Laser 2.6584 0.9300 1.9550
Johnstown-B 2.0685 0.9300 1.9150
E Millbillillie-A Laser 2.2857 0.9750 2.0650
Millbillillie-B 2.5275 0.9750 2.0750
H5 Epinal-A 60 keV 0.5951 0.9996 1.9497
Epinal-B Ar++  0.6139 1.0081 1.9600
Epinal-C Ion 0.6164 1.0132 1.9689
Epinal-D 0.6234 1.0200 1.9659
L5 Elenovka-A Laser 0.5237 1.0100 1.9500
Elenovka-B 0.4617 1.0150 1.9400
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Figure 10. Evolution of ordinary chondrites Epinal and Elenovka following
ion and laser irradiation respectively. (left) Evolution against background of
full source region meteorite data set. (right) Zoom of object evolution.
6. Conclusion
Numerous potential sources of error to the meteorite source region model have
been discussed. While each has the potential to affect spectral parameters, they do not
discount the model. For objects within the Gaffey S-subclasses, spectrally sampled with
a similar number of channels to the meteorite data, only one subclass was shown to be
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outside the realm of the meteorite data set. However, it seems that due to a process of
self-selection, objects of this type are not appropriate matches to this usage of the
Modified Gaussian Model as a method for mathematical fitting. We quantify the range
of spectroscopic changes arising due to grain sizes, temperature and space weathering
and find these changes are comparable to the natural uncertainties that exist within the
experimental conditions of data collection. The reality of experimental uncertainties and
other small scale physical effects motivate our treatment of individual asteroid-meteorite
class associations as a probabilistic assignment. Within these uncertainties, and the
robustness with respect to choice for their Gaussian width (Chapter 2, Section 3.1),
potential sources of error are found to be small compared with the strength of the
apparent 3:1 source region signature for H ordinary chondrites.
Chapter 4
Color Photometry of Koronis Family Members
1. Introduction
Space weathering has been a long-standing puzzle in asteroid science that can
affect ground-based spectroscopic interpretations of near-Earth and main-belt asteroids.
The biggest debate surrounding space weathering has been the potential relationship
between S-type asteroids and ordinary chondrite (OC) meteorites. Visible and near-
infrared spectral data have shown both similarities and discrepancies between the S-type
asteroid and ordinary chondrite data sets. Although their spectra qualitatively show the
same absorption features and quantitatively show evidence of the same minerals, the
spectral slopes of S-type asteroid spectra are significantly reddened with respect to OC
meteorites. For years this created great difficulties in understanding if and how S-type
asteroids could not be related to the OC meteorites. If not ordinary chondrites, then most
S-types were likely metal-rich bodies and consequently potential parent bodies to stony-
iron meteorites. The idea that the OC meteorites and S-type asteroids could not be
related was strengthened by the near perfect spectroscopic match of (4) Vesta and the V-
type bodies with the HED meteorites. If space weathering was altering asteroid spectra
then why was it not evident in the V-type spectra?
The line of questioning surrounding the potential influence of space weathering
on asteroid surface colors mirrors discussion surrounding lunar regolith following the
Apollo sample return missions. Since lunar soils were returned for study during the
Apollo era, it has been known that optically mature lunar soils have the same spectral
properties as telescopically obtained spectra of undisturbed surface areas (McCord et al.
1972). Yet, powdered lunar rocks and unexposed lunar regolith showed spectral
differences from these surface measurements. Optical maturity caused a decrease in the
band depth and increase in the spectral slope (Adams and McCord 1971). This spectral
slope mismatch has been interpreted as the result of a variety of external factors that
affect constituent minerals over time including radiation damage, solar wind implantation
and micrometeorite implantation. However the processes at work were not a catch-all
solution and the spectral differences were not consistent between the mare and the
highlands of the moon. This implies that space weathering would not alter the spectral
properties of all asteroid regolith in the same manner. Pieters (1984) states that the
spectral properties of Vesta and the V-type asteroids and their close correlation to the
HED meteorites suggest that not all asteroid regolith is altered.
The discovery of (1862) Apollo and subsequent Q-types in the near-Earth
population brought to light a new spectral class that displays the best spectral match to
ordinary chondrites (McFadden et al. 1985). Both the S- and the Q-type asteroids
showed similar mineral constituents, but the S-type objects had spectra with weaker
absorption bands and a highly reddened slope. A comparison of S- and Q-type bodies
seemed to match the idea of maturation due to space weathering on the lunar surface, but
to a lesser degree. This seems reasonable because of the differences in composition
between asteroids and the Moon and because the energies and outcomes of space
weathering should be diminished at the greater distance of the asteroid belt.
Current models suggest there should be a transition size at which young surfaces
should be observable. Theories on collisional evolution of small bodies show that the
lifetime of a body varies as the square root of the asteroid size (Dohnanyi 1969).
Therefore a large object will have a longer collisional lifespan because it is less likely to
be catastrophically disrupted. Smaller bodies will have far shorter survival times and will
consequently have a younger average age than their larger counterparts. Targeted
observations of these smaller bodies should display surfaces that are young enough to be
unaltered by the space weathering process or should display surfaces that have not yet
reached spectral maturity. Binzel et al. (2004) identified a size dependent trend in
spectral slopes for a large sample of ordinary chondrite-like bodies (S-, Sq- and Q-
spectral type) in near-Earth space. The study showed that the average slope of these
objects increased over the 0.1-5 km range. This links ordinary chondrites to at least the
near-Earth S-type objects, but the connection to a main-belt source is incomplete. A key
missing link is the lack of verified Q-type asteroids in the main-belt. If there is a
population of fresh objects with low spectral slope in the main-belt it seems that their
distance and likely small size have provided a bias against their spectral classification.
Finding this transition among main-belt asteroids would demonstrate that main-belt
asteroids have the same compositional range as near-Earth asteroids and undergo the
same external processing.
Asteroid scientists have now generally accepted the link between ordinary
chondrites and Q-type asteroids, as well as the transition from Q- to S-type asteroids in
near-Earth space. Our goal is to complete the connection between ordinary chondrite
meteorites to a source population in the main asteroid belt. Demonstrating that Q-type
objects and the slope transition shown in Binzel et al. (2004) exist in the main-belt is an
important step toward the final link.
2. Data
To examine the potential slope effects of space weathering in the main asteroid
belt, we examine the spectral colors of members of the Koronis dynamical family. By
studying members of a single family we intend to mitigate any differences in space
weathering due to average distance from the sun. This also provides insurance that the
target asteroids will share the same original composition and that spectral differences
seen in the study are due to the effects of space weathering. Larger members of the
Koronis family have been shown to have similar S-type spectra and spacecraft data from
the Galileo encounter with family member (243) Ida have shown that the object is
chondritic in composition (Chapman 1996). We assume that given a common origin
these traits should extend to the small, unclassified bodies. This provides a unique
opportunity to compare the effects of the space weathering process on potentially
ordinary chondrite-like bodies within a population of identical initial conditions. We
hoped to cover the size range presented in the Binzel et al. (2004) work, however due to
the greater distance between the main-belt and Earth we are not able to obtain the colors
of objects on the small end of the scale.
2.1 Observing Strategy
Ideally we would collect spectra of these asteroids in order to classify the spectral
type and investigate variations in the spectra, analogous to the near-Earth asteroid data
set. Unfortunately there is no spectroscopic instrument readily available to target these
small main-belt bodies since the combination of distance and small size puts our targets
at faint magnitudes beyond the capabilities of available visible and near-IR
spectrographs. The targets in this program are of roughly twentieth magnitude and a
typical limiting magnitude for near-infrared targets using the NASA IRTF SpeX
instrument is approximately 17.5. Instead of using traditional spectroscopy, which would
allow us to definitively identify a Q-type spectrum, we use color photometry. Using this
method we seek to identify changes in average slope over a range of sizes. Here we
present preliminary results of a large survey campaign.
This study utilizes the Kitt Peak 2.1 -m telescope and the Walter Baade Telescope
(one of the two 6.5-m Magellan telescopes) at the Las Campanas Observatory. Kitt Peak
observations were taken with Harris BVRI filters and Magellan observations were taken
using the Sloan Digital Sky Survey (SDSS) g'r'i'z' filter set. The two observatories were
used in a complimentary fashion--Kitt Peak was responsible for a wide range of larger
objects and Magellan was used to target the smallest objects in the survey. This paper
presents the results of 27 objects (5 from Magellan, 22 from Kitt Peak). In order to
correct for light curve effects, which were unknown for all objects in the study, we chose
specific filter sequences for the observations. All observations were taken in a sequence
that allowed filters to bookend the primary visible filter (V for Kitt Peak, r' for Magellan)
so that fluctuations in the instrumental magnitudes of that filter can be readily recognized
and used to correct the magnitudes of all other filters. For example the exposure
sequence adopted at Magellan was r', g', r', i', r', z', r'.
2.2 Data Reduction
All data were reduced in a similar manner. Any differences in the manner of
reduction are solely due to circumstances that differed between the telescopes and
settings used for specific nights. The data reduction was done using the Image Reduction
and Analysis Facility (IRAF), which is a software package created for use with
astronomical data.
2.2.1 Kitt Peak 2.1m
A key issue to be addressed in the initial stages of data reduction for the May
2008 data set from Kitt Peak is the fact that the binning was changed in the middle of the
observing run. All data collected on the nights UT 3-5 May were unbinned, but the data
from UT 6-8 May were collected in 2x2 binning mode. This is important to note in the
data reduction procedure because bias frames were not taken for the 2x2 binned frame at
the telescope.
The bias frames were combined and subtracted from all science images and flat
fields. This one master combined bias was used for all of the unbinned data frames. Due
to the presence of an overscan region in the frames, the unbinned bias frames could not
be immediately binned for use with the binned data. This required the trimming of the
overscan region from each individual unbinned bias and all binned data frames. The
individual bias frames could then be binned using the blkavg function in iraf. After each
bias was averaged to a 2x2 binned image, they were combined in order to create a master
bias for all binned data frames. This final frame was subtracted from all UT 6-8 May
data files.
The next task was the calibration of the sky flats for each individual filter. When
available, I used sky flats taken on the same night the data was taken. However if
unavailable, I used flats from neighboring nights, but never shared flats across the border
from binned and unbinned data. Individual bias-subtracted sky flats were combined to
create an average flat field for each filter for each night of observing. These averaged flat
fields were then normalized by the mode pixel value of the frame to produce a master
flat. Following the acquisition of these master flat fields, each science image was divided
by the master flat field for its respective night and filter.
A flow chart of this process and additional steps addressing calibration of
instrumental magnitudes is shown in Fig. 1.
2.2.2 Magellan Baade 6.5m MagIC
Data were taken over two nights (UT 1-2 February 2008) with the Raymond and
Beverly Sackler Magellan Instant Camera (MagIC) on the Walter Baade Telescope (one
of the twin Magellan telescopes). The initial calibration of the Magellan data was
handled in a way similar to the Kitt Peak process. All Magellan data were taken with the
same dimensions so no binning concerns had to be addressed.
A master bias frame was combined for each night of data. This was then
subtracted from all Koronis program science frames and sky flats for each filter. Bias-
subtracted flat fields for each night in each filter were combined into an average filter
flat. These average flats were then normalized by the mode value of the field. This
allowed for the division of the Koronis program images by the normalized flats for their
respective night and filter.
2.2.3 Full Data Set
Once the bias and flat field corrected science images had been acquired, all data
followed the same process. It should be noted that despite the process being the same,
the Kitt Peak and the Magellan data sets were collected using different filter sets that
cover approximately the same range in wavelength. The Kitt Peak data were obtained
using Harris BVRI filters with a range of 0.44 to 0.83 microns. The Magellan data used
Sloan Digital Sky Survey (SDSS) filters (g'r'i'z') with a range of 0.47 to 0.89 microns.
Due to the much larger number of objects obtained from Kitt Peak to date (and with plans
for future additions), all data analysis will be done in BVRI filters.
A large number of the science images were taken in the northern hemisphere or
the equatorial region of the celestial sphere. This presented the opportunity of using the
Sloan Digital Sky Survey (SDSS) online database to find on-chip standards that allowed
for the acquisition of asteroid instrumental magnitudes using differential photometry. At
times when the sky was not photometric, observations were specifically made within the
SDSS footprint. However, a large majority of images were not taken with that specific
aim in mind. Of the 27 objects presented in this chapter, 23 of these were reduced using
on-chip differential photometry. The others were done using extinction coefficients in
each filter. The dearth of objects obtained using extinction coefficients is not entirely due
to the large number of objects taken within SDSS fields. Several objects were removed
Kitt Peak Data Reduction Procedure
Combine bias frames
Subtract bias from all
data files
Combine flats for each
filter
Normalize combined flats
Flat correct every color of
data
Are on frame standard
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Yes 1-I
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comparable magnitude
I
Solve for asteroid
magnitudes relative to
chosen standards
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(May 6,7,8) region for all May 6-8
data files and May 3
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Use iraf blkavg to bin
bias frames
No Identify potential
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night for extinction
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Use instrumental
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for each filter
Solve for asteroid
magnitudes relative
to airmass extinction
correction
Figure 1. Flow chart depicting decisions and procedure for the reduction of
Kitt Peak Photometric Data. Magellan data also requires the decision to
use on-frame standards. *No bias frames were collected on these nights.
from the sample because examination of extinction coefficients and atmospheric
conditions from the times of observation showed the sky to be non-photometric.
For each object that was available for on chip photometry, the Sloan Digital Sky
Survey (SDSS) was used to identify two stars with known colors that were of
approximately the same magnitude as the target object. Using the phot function in iraf
(which integrates the light within a given aperture), instrumental magnitudes of the two
stars and the asteroid were taken using the same object and sky parameters. By
comparing the instrumental magnitudes of the asteroid to the instrumental magnitudes of
the standard stars and the true magnitudes of the standards, we solved for the true
magnitudes of the Koronis family members.
2.2.4 Calculation of Extinction Coefficients
Only two nights of data, UT May 3 and May 5, had objects with colors defined
using extinction coefficients. For each night of data and in each individual filter,
standard star observations with a range of airmasses that encompass the airmasses of the
objects in need of calibration are required. These standards have known colors from the
Landolt (1992) catalogue of photometric standards. Both nights used two different
standard stars to find the extinction coefficients. In order to correct for the differences in
instrumental and true magnitudes of the two standards, the difference in true filter color
between the standards was calculated. One standard was chosen as the primary standard
by which the extinction coefficients would be calculated. The additional standard was
calibrated for use in the calculation by augmenting the instrumental magnitudes of the
additional standard by the value and magnitude of the difference in true filter color. The
89
magnitude of the primary standard and the magnitude of the additional standard after
correction are defined as the corrected magnitude. Functions describing the extinction in
each filter are a linear fit to the corrected magnitude as a function of airmass. The
extinction equations and linear fits are shown for May 3 and May 5 in Figs. 2 and 3.
These equations are used to predict a standard instrumental magnitude in each filter for
the airmass of each science frame. Once this is determined, the estimated standard
instrumental magnitude and the true standard magnitude are used to find the true
magnitude of the object. The errors on these objects tend to be larger than for the on chip
comparisons since they lack the benefit of having two comparison standard stars.
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2.2.5 Conversion of Sloan (g'r'i'z') colors to Johnson-Cousins (BVRI) colors
It was previously mentioned that all on chip photometry utilized the Sloan Digital
Sky Survey (SDSS) to identify two standard stars. All of the standards taken from the
SDSS database had colors defined in Sloan (ugriz) filter colors, but not in the BVRI
colors. Using transformations derived from Jordi et al. (2006), the Sloan colors of each
standard was converted to Johnson-Cousins BVRI colors for calibration of Kitt Peak
data.
Not all equations available from Jordi et al. (2006) are appropriate for the
transformation. The method of conversion of Sloan filter colors for the standard stars and
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Magellan Koronis family data to the Johnson-Cousins color system should be consistent
between both data sets. So before we proceed to the description of the final stages of
photometric reduction, the subject of color conversion will be addressed. It should be
noted that the Sloan filters (unprimed, ugriz) in the equations below are equivalent to the
filters used by the SDSS Stellar database but are not equivalent to the Magellan Sloan
filters (primed, u'g'r'i'z'). However, the conversion between the filters is small enough
to be considered negligible (Rodgers et al. 2006). Jordi et al. presents a system of
equations for the conversion of Sloan colors to Johnsons-Cousins colors as follows:
B - g = (0. 175 + 0.002) x (u - g)+ (0.150 + 0.003) (1)
B - g = (0.313 + 0.003) x (g - r) + (0.219 _ 0.002) (2)
V - g = (-0.565 t 0.001) x (g - r) - (0.016 _ 0.001) (3)
V - I = (0.675 . 0.002) x (g - i) + (0.364 _ 0.002) if g - i ! 2.1 (4)
V - I= (1.11+ 0.02) x (g - i)-(0.52. 0.05) if g - i > 2.1 (5)
R - r = (-0.153 ± 0.003) x (r - i) -(0.117 - 0.003) (6)
R - I = (0.930 - 0.005) x (r - i) + (0.259 + 0.002) (7)
I- i = (-0.386 + 0.004) x (i - z) -(0.397 ± 0.001) (8)
We exclude Eqn. I due to the lack of u' filter colors for the Magellan data set and the
high error for several SDSS standard stars in the u filter. After several conversion
attempts for both SDSS standard stars and Magellan data, we find the values of I obtained
with Eqn. 4 or 5 and Eqn 8 often vary by amounts larger than the errors associated with
them. This was also true for values of R obtained with Eqn. 6 and Eqn. 7. This can be
attributed to the values they rely on and the parts of the spectrum these values represent.
Equations 4 and 5 strive to estimate the value of I (0.83-microns) using known colors at g
and i (0.47-microns and 0.75-microns, respectively). This requires extrapolation purely
from the bluer photometric colors, which assumes an a priori shape for the stellar
spectrum. The same holds true for examining I (or R via values of I determined from
Eqns. 4 and 5) within Eqn. 7. In order to avoid any assumptions concerning the spectral
shape we transform colors using Eqn. 2 for B, Eqn. 3 for V, Eqn. 6 for R and Eqn. 8 for I.
The transformed colors of standard stars show agreement with other color
transformations available (e.g. Smith et al. 2002) for B, V and R; however they do not
agree for values of I. This is likely because the other color transformations tested relied
only on shorter wavelengths for the I color solution. The final photometric colors for Kitt
Peak objects suggest that the chosen Jordi et al. equations form a reasonable basis for
standard star color transformation. Unfortunately, this process does not translate well to
the Magellan Koronis family data set.
It was assumed that if the colors of the Magellan data set were transformed before
the removal of the solar colors we could investigate this data in the realm of Harris filter
(BVRI) colors. This seemed to be a reasonable assumption since the majority of the light
from each object is light reflected from the sun. However, this solar light has been
altered by the surface composition of the object. For the S- and potential Q-type objects
that we seek, the expected spectroscopic signature is a local maximum near R (0.69-gm)
and a lower reflectance value for I (0.83-[tm). This implies that the previously mentioned
choice of equations for the calculation of I is extremely important. Even after it was
determined that Eqn. 8 was the best available option for a transformation from Sloan
colors into a value for I, the Magellan data set could not be successfully transformed.
Figure 2 shows the attempted transformation of asteroid 17163 from (top) Sloan colors to
(bottom) Johnson-Cousins colors as an example of this systematic failure. It can be seen
that the general shape of the photometry for this object is not conserved by the change of
filter systems. All attempted transforms can be found in Appendix 2.
In order to compare the slopes of the Kitt Peak data and the Magellan data, the
photometric observations should span the same range of wavelengths. Many authors
have discussed color transformations between Sloan filters and Johnson-Cousins filters
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(e.g. Smith et al. 2002, Jester et al. 2005, Jordi et al. 2006) and the Magellan data were
taken assuming that such a conversion was possible for these Koronis family objects. It
was not discovered until after both data sets existed that they were not compatible. As
was previously mentioned, the Kitt Peak data set has a far larger number of objects and
will have additions to it in the near future. So all large-scale slope trends will rely on the
Kitt Peak data set and the Magellan data will only serve to add qualitative support.
2.2.6 Lightcurve Correction and Final Color Determination
The objects were observed so that possible light curve effects could be mitigated.
Observations were taken in a sequence that returned to the primary visible filter (V for
Kitt Peak, r' for Magellan) at frequent intervals. This allowed for variations between the
primary filter magnitudes to be recognized and allowed for corrections to be made to the
magnitudes of all remaining filters. We illustrate this process with an example from the
Kitt Peak data set. The asteroid (18462) Ricco was observed on the night of UT May 6,
2008 in the following sequence: VBVRVIV.
In order to determine the lightcurve effect it is necessary to examine the
relationships between each consecutive V exposure and the exposure of the filter that the
two V magnitudes have bounded. The goal is to estimate the V magnitude at the time of
each exposure in the other filters. The time and magnitude change between each V
exposure are defined as At, and Am, respectively. Additionally we define the time
between the first V exposure and the first non-V exposure as Atx (where X indicates the
non-V filter). In this example we examine the sequences VBV, VRV and VIV. We
begin with VBV. To determine the value by which the V magnitude would change in
time AtB, we define a time ratio (At,,) that describes the time from the first V to B with
respect to the time from V to V.
AtVB AtB
AtV (1)At
v
This is then used to determine the change in V magnitude in the time from V to B.
AmvB = AtVB, Amv (2)
It is assumed that the magnitude change in the minutes between V exposures is linear.
We consider this change in magnitude to be significant if it is larger than the error for the
B exposure. This is not the case for the example of VBV in the (18462) Ricco data.
In order to determine all final colors we examine the magnitudes of all non
primary visible filters with respect to the primary V or r' magnitude (B-V, V-R, V-I, g'-
r', etc), which are known as color indices. When a lightcurve correction is not necessary
this is done using only the instrumental magnitudes of the three exposures in question.
The case of the VBV sequence of (18462) Ricco is as follows:
V + VB-V=B- +V (3)2 (3),
where V, and V2 are the V magnitudes preceding and following the B exposure.
While lightcurve corrections were not necessary for the VBV sequence, they were
necessary for the VRV sequence. In this case we cannot accurately solve for R-V by
comparing R to the average value of the surrounding V magnitudes. We use the
previously described procedure to determine an approximate V magnitude for the time
that the R exposure was taken. This correction is applied as follows:
Vt=R = V, + AmVR (4),
such that
R - V = R - V=R (5).
Final photometric colors are determined relative to the primary visible filter. In
this Kitt Peak example we determine a final V magnitude by averaging all the V
magnitudes available for the object. Most Kitt Peak objects have four V exposures per
object, however some brighter objects have fewer V frames since shorter exposure times
allowed for multiple non-V exposures to be taken in a relatively short amount of time.
For the Magellan objects, all observations were taken with two consecutive complete
filter sequences, allowing for a total of seven r' frames per object. Once we have
determined the final V magnitude, we then solve for final B, R, and I magnitudes given
our three relations that link back to the primary visible filter.
2.2.7 Conversion to Reflectance Values
In addition to the final magnitudes of each Koronis family member in our sample,
we seek to compare the slopes of each photometric spectrum. Ideally we could also
compare the data directly to the size dependent slope transition that connects Q-type to S-
type spectra in near-Earth space (Binzel et al. 2004). However the Binzel et al. sample
contains better resolution spectra and a larger wavelength range. The desire to
investigate spectral slopes within the data set requires the acquisition of reflectance
values.
To convert from magnitude to reflectance we need the magnitudes for each object
in VBRI and the solar colors in B-V, V-R, and V-I. The Johnson-Cousins VBRI and the
Harris VBRI are different filter sets and have similar but distinct values for the colors of
the sun. We use solar values of B-V = 0.665, V-R= 0.367 and V-I= 0.701 for the Kitt
Peak Harris filter set (Hicks et al. 1999) and values of g-r= 0.44, r-i= 0.11 and i-z= 0.03
for the Magellan Sloan filter data set. We remove these solar values from the previously
derived color indices of each object. The reflectance values are normalized to the V band
(0.55 p~m) using the magnitude equation:
mv - mx = 2.5 log , (6),
Rx_ - 100.4(mv-mx) 10-0.4(mx-mv)
where mv and Rv are the final magnitude and reflectance of V respectively. For each
filter we calculate Rx /R to obtain the object's normalized reflectance in that filter. This
always yields a reflectance value of unity at 0.55-[tm and allows for direct qualitative
comparison with known S-type Koronis family and Q-type near-Earth object reflectance
spectra (all of which are also normalized to unity at 0.55-tm). For the Magellan data the
reflectance values are normalized to the r' filter (0.62-tm) and require that any
comparison asteroid spectra be renormalized to unity at 0.62-itm.
3. Results
The complete reduced data set includes 22 Koronis family members observed at
the Kitt Peak 2.1-m and 5 observed at the Magellan 6.5-m telescope. The physical
properties and observational results for all objects in our sample are shown in Table 1.
Kitt Peak
2.1-mrn 311 1 Claudia
Date of
Observation
8-Mav-2008
V
D
H (km)
15.4 9.89 28.6
Slope I B-V
0.866
B-V
0.018
V-R V- R V-I
0.755
0v-I
0.017
Comments
Saturated R
7597 Shigemi 4-May-2008 17.4 12.8 7.5 0.587 0.845 0.008 0.402 0.007 0.803 0.008
17082 1999 JC3 3-May-2008 18.2 13.3 5.9 0.635 0.887 0.026 0.385 0.023 0.798 0.024
17107 1999 JJ51 6-May-2008 18.9 13.5 5.4 0.536 0.846 0.031 0.410 0.024 0.777 0.027
18462 Ricco 6-May-2008 20.1 14.7 3.1 -0.131 0.816 0.062 0.397 0.058 0.480 0.062
19017 Susanlederer 6-May-2008 19.9 15.3 2.4 0.181 0.939 0.053 0.252 0.043 0.588 0.053
21137 1993 FX20 6-May-2008 18.9 14.0 4.3 0.682 0.875 0.031 0.478 0.030 0.799 0.030
32323 2000 QW60 6-May-2008 19.1 14.1 4.1 1.216 1.198 0.178 0.377 0.149 0.857 0.156
35251 1995 YE5 7-May-2008 20.2 15.5 2.2 0.961 0.900 0.139 0.379 0.131 0.922 0.107
35555 1998 FC120 8-May-2008 19.4 14.5 3.4 0.880 0.027 0.452 0.027 1.032 0.032
36518 2000 QC77 8-May-2008 20.0 15.0 2.7 0.571 0.933 0.098 0.394 0.099 0.736 0.103
36600 2000 QP138 8-May-2008 19.5 14.3 3.8 0.326 0.905 0.053 0.361 0.062 0.653 0.067
36609 2000 QD144 7-May-2008 19.8 14.9 2.8 0.440 0.985 0.101 0.477 0.057 0.608 0.063
37361 2001 UW46 7-May-2008 20.0 14.7 3.1 0.376 0.941 0.391 0.609 0.321 0.556 0.297
37411 2001 XH152 7-May-2008 20.3 15.7 2.0 0.364 0.927 0.169 0.431 0.104 0.631 0.102
46321 2001 QO84 7-May-2008 19.7 14.1 4.1 0.775 0.738 0.137 0.446 0.093 0.939 0.104
123177 2000 TD66 3-May-2008 20.8 16.5 1.4 -0.073 0.823 0.214 0.576 0.162 0.429 0.178
184793 2005 TJ64 3-May-2008 21.4 17.0 1.1 0.628 0.231 bad I, R
187223 2005 SX139 5-May-2008 21.3 16.8 1.2 -0.442 0.475 0.192 0.419 0.202 0.672 0.158
188109 2002 AR8 5-May-2008 20.6 16.5 1.4 0.475 0.211 0.356 0.236 bad I
2005 QX122 4-May-2008 21.0 16.2 1.6 0.994 0.032 0.458 0.036 0.968 0.027
2005 UM407 5-May-2008 22.2 17.5 1.524 0.484 0.618 0.248 bad I
Magellan-
Baade 6.5-m 17163 Vasifedoseev 2-Feb-2008 19.4 14.1 4.1
32399 2000 QA219 1-Feb-2008 19.2 14.5 3.4
34334 2000 QG212 2-Feb-2008 19.0 14.3 3.8
36590 2000 QG132 2-Feb-2008 20.4 15.4 2.3
39865 1998 DB22 1-Feb-2008 20.9 15.2 2.5
Table 1. Listing of objects in Koronis family sample, observing information, physical properties, color indices and comments.
I I I I I _
3.1 (311) Claudia
As a reality check on the photometry process we examine (311) Claudia, which is
the largest and the brightest object collected to date. The size of (311) is estimated using
the relation between H magnitude, diameter and albedo defined in Harris and Harris
(1997). In keeping with the assumption that all objects in the family have similar S-type
compositions we assume an albedo of 0.239 (Stuart and Binzel 2004). With an H
magnitude of 9.89, we find a diameter of approximately 28.6 km for (311) Claudia.
Figure 3 shows our photometry plotted alongside visible spectra of two large S-type
Koronis family members, Koronis and Ida (Bus and Binzel 2002), a visible spectrum of
Claudia from the Small Solar System Objects Spectroscopic Survey (S30S2) (Lazzaro et
al. 2006) and a visible spectrum of Q-type near-Earth asteroid Apollo (Binzel et al.
2004). The photometry of (311) agrees with the S-type object spectra in the B, V and I
filters. The discrepancy between the R filter and the S-type spectra is due to exposure
saturation at the time of data acquisition. This was the only saturated exposure in the
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data set. Due to the filter saturation, this object was not included in the slope analysis of
the data set. The match between the three successfully obtained filters and the S-type
spectra suggest a reasonable photometric reduction procedure and serves as a proof of
concept.
3.2 Potential Q-type spectra?
The ultimate goal of this project is to observationally complete the connection
from ordinary chondrites to potential ordinary chondrite-like main-belt populations. It
has been established that Q-type asteroids are the best spectroscopic match to ordinary
chondrites (McFadden et al. 1985). This chapter previously discussed the idea of space
weathering or other surface evolution processes connecting S-type asteroids (reddened
spectral slope) to Q-type objects. Figure 4 shows candidate Q-type objects from the
photometry sample. The photometry for these objects are compared to S-type Koronis
family members (158) Koronis and (243) Ida and the Q-type (1862) Apollo. One can see
that these objects qualitatively match the shape and slope of Apollo.
While these objects could eventually lead to the first confirmed discovery of a Q-
type main belt asteroid, this must be approached with caution. Binzel et al. (1993) made
an apparent finding of an ordinary chondrite-like object in the main-belt, (3628)
Boinemcovi. This result was reached using the visible portion of the spectrum and
minimal near-infrared data. It was later revised following the acquisition of a high
density of near-IR spectra for the object (Burbine and Binzel 2002). Due to the necessity
of near-infrared data to any determinations of minerology and large scale spectral
features, we will continue to assume a homogeneous S-type composition and albedo for
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Figure 4. Kitt Peak Photometry of (18462), (36609), (37411) and
2000 TD66. All objects are compared against visible spectra
from (158) Koronis, (243) Ida and (1862) Apollo.
the full data set. Using an albedo of 0.239 for S-type objects (Stuart and Binzel 2004)
with the Harris and Harris (1997) relationship between absolute magnitude and diameter
we can determine the approximate size of these potential Q-type bodies. For the main-
belt objects (18462), (36609), (37411) and 2000 TD66, we find diameters of
approximately 3.1 km, 2.8 km, 2.0 km, and 1.4 km respectively. These Koronis family
members are well within the transitional size range of 0.1- 5 km defined by Binzel et al.
(2004).
3.3 Analysis of Slopes
In lieu of determining potential ordinary chondrite connections via asteroid
spectroscopy, we examine the spectral slopes of objects in the size range presented in the
work of Binzel et al. (2004). Several objects required removal from the full sample for
this slope analysis. We proceed without slope information from the Magellan objects and
(311) Claudia. We also disregard two objects whose photometry does not suggest a Q- or
S-type spectrum since we seek a progression from Q-type to S-type slopes within the data
set. The spectra presented for these objects do not hold spectral signatures similar to
these two key classes and therefore do not merit inclusion in this analysis. Our
motivation for using the Koronis family was based on the compositional similarities of
the objects due to their common origin. The two rejected objects are either interlopers or
the result of observational error. It is highly unlikely that both of these examples are true
interlopers since the Koronis family is dynamically dense against the background
population and is not expected to contain more than a 1% chance of interlopers (Zappal
et al. 1994, Milani and Farinella 1995). Three other objects have not been taken into
account due to values of I reflectance that were not statistically significant above the
background sky level. We neglect these objects since the value of the I reflectance is
highly significant to the calculation of the slope.
Figure 6 shows two running box averages of slope and diameter for the available
data set. It shows the results of two bin sizes (n=5 and n=6) against the background of
individual objects. For both averages there is a clear rise in overall average slope for
increasing object diameter. The shaded area denotes the range in slope that defines the
transition from Q-type to S-type body. These boundaries were calculated using the
average Q- and S-type spectra from the Bus Taxonomy (Bus 1999). Previously
calculated average slopes, such as those used in the Binzel et al. (2004) work, were
defined for complete spectra in the full available visible wavelength range (0.44-0.92-
Rtm). The slope values in this work use spectral data points from each filter center
wavelength in order to approximate Q- and S-type slopes from this photometric method.
The visible spectrum for the wavelength range encompassed by the BVRI Harris filter set
(0.44-0.83-Rtm) was not used due to the additional weight each data point adds to the
slope calculation. When done using complete visible spectra instead of the defined four
point photometry approximation, the slopes for both classes were much larger than those
shown in Fig. 6.
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3.4 Comparisons of Color Indices
In addition to investigating the slope changes within the Koronis family data set,
we also compare the color indices of the objects with typical values for the Q and S
taxonomic classes (Dandy et al. 2003). Figures 7 and 8 show the range of objects with
respect to these averages. In a manner similar to the slope analysis, certain objects were
unused in this graphical representation. The key difference is the two bodies that were
removed from the slope calculation due to their lack of Q- or S-type characteristics are
now included. This was done since the color analysis has no predetermined assumption
based on spectral class. In both available color comparison diagrams it can be clearly
seen that the objects within the sample surround and fill the area defined by the S- and Q-
type averages.
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Figure 8. (left) Plot of V-R vs. B-V for the photometry
data set. Gray box denotes region shown at (right).
Error bars are excluded for visual clarity.
4. Conclusion
This preliminary data set has yielded many promising results. The photometry
suggests the possibility of Q-type objects in the Koronis family population. While no
definitive conclusions can be made, future observations can lead to the first confirmed
identification of a Q-type main-belt asteroid. An important result is the increasing
average slope (from Q- to S-type) with respect to diameter in a similar size range as the
Binzel et al. (2004) work. More family members will be added into this analysis in the
coming year to make the result far more statistically significant. This slope transition
supports the loose clustering of objects in color index space surrounding and between the
average S- and Q-type colors.
The data suggests the presence of Q-type or spectrally similar moderately space
weathered to unweathered surfaces in main asteroid belt. If the rapid space weathering
timescale of Vernazza et al. (2009) is correct, the unweathered surfaces must be
extremely fresh. The discovery of a slope transition within the Koronis family closes the
last remaining gap between similar trends seen among the smallest near-Earth asteroids,
forging the next link toward identifying ordinary chondrite bodies in the main belt.
Chapter 5
Conclusions and Future Work
H Ordinary Chondrites appear to show a source region preference for the 3:1 mean
motion resonance: A combination of probabilistic models determined that H ordinary
chondrites (OCs) had a high probability of originating from the 3:1 commensurability.
This is supported by evidence from cosmic ray exposure ages that suggests the delivery
mechanism for the H OCs is faster than that preferred by L and LL ordinary chondrites.
The results of Vernazza et al. (2008) also point to different source regions for different
varieties of ordinary chondrite. It is possible that this trend can lead to a resolution to the
LL ordinary chondrite problem. While the LL OCs are the rarest of the OCs among the
falls, observations seem to indicate that a large number of S-type asteroids in the near-
Earth region are LL OC material. If source regions differ, then they can be sampling
different catastrophic disruptions and consequently different compositions and states of
asteroid parent body evolution. It seems that the LL ordinary chondrite source provides
objects having greater size than the H source. A power law size distribution producing a
much greater abundance of smaller objects, can explain the relatively large number of H
OC meteorites compared to relatively few H OC parent bodies seen among km-sized
near-Earth asteroids.
Potential sources of error are not large enough to significantly alter the probabilistic
meteorite class correlation: A thorough investigation of the causes of spectroscopic
error concludes that the changes in spectral parameters arising from observational errors
(random and systematic) and surface particle size effects are not large enough to
significantly alter the predicted meteorite class. While HED parameters seem be more
vulnerable to several of these error sources, they consistently remain in the region defined
for basaltic achondrites and HED meteorites. This supports the relatively straightforward
connection between (4) Vesta and the majority of HED meteorites despite the large
spread in data found in some of the error analysis.
A trend of increasing slope with asteroid size, similar to the one seen in Binzel et al.
(2004) for near-Earth asteroids, exists in the main-belt Koronis family: While there
have been several attempts to identify Q-types in the main-belt, confirmation seems to be
limited by telescope aperture. Due to collisional evolution theories, we believe that the
smallest objects are most likely to display fresh surfaces. The problem of size limits the
data that can be collected for the smallest members of S-type groupings such as the
Koronis family. Our data suggests the presence of small unweathered bodies, but
confirmation with near-infrared data is needed. We are unable to cover the entirety of the
size range in the Binzel et al. (2004) work, but in the limited range observed though this
photometry method we show a trend in increasing slope with respect to size.
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Appendix A
Modified Gaussian Model fits for
Meteorite Source Region Model
1. Meteorites
An image of each meteorite fit from the Modified Gaussian Model (MGM) is
included below. Each fit shows several pieces of information that have been offset for
clarity. From the top down: (1) in light purple the residual to the fit is shown, a quality fit
shows minimum residual within the wavelength range of the 1- and 2-[tm features; (2) in
blue are the modified gaussians used to obtain each spectral fit; (3) in red is the fixed
continuum that has been calculated via the process described in Chapter 2; (4) in orange
the original spectral data is shown; (5) the MGM fit to the data is shown. Each object
appears in the order of Table 1 in Chapter 2.
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2. Asteroids
An image of each meteorite fit from the Modified Gaussian Model (MGM) is
included below. The description of each plot is given in Section 1 of this Appendix.
Each object appears in the order of Table 2 in Chapter 2.
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Appendix B
Modified Gaussian Model fits for
Potential Sources of Spectroscopic Error
All data in this appendix is discussed in Chapter 3. Each section corresponds to a
table within the chapter and all data appears in the order in which it is listed in its
respective table. For discussion on information contained in the images see Appendix A.
1. Gaffey S-type Subclasses
1.1 Small Main-belt Asteroid Spectroscopic Survey
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2. Variations in Grain Size
2.1 Ordinary Chondrites
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3. Temperature
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Appendix C
Photometric Plots of Koronis Family Members
1. Kitt Peak 2.1-m Photometry
These plots represent the Kitt Peak Koronis family member data set at the time of
this writing. The photometry was obtained using the Harris BVRI filters, which have
central wavelengths of B= 0.44, V=0.55, R=0.69 and 1=0.83 microns. Reflectance values
for the photometry and reference spectra are normalized to unity at 0.55-microns. Each
object is compared against the visible spectra of two S-type Koronis family members,
(158) Koronis [blue] and (243) Ida [green], and Q-type near-Earth asteroid (1862) Apollo
[red]. In addition, the photometry of (311) Claudia is compared against a spectrum of the
object obtained from the Small Solar System Objects Spectroscopic Survey (S30S2)
(Lazzaro et al. 2006). The plot of each object is accompanied by the date of observation,
the visual magnitude at the time of observation (V) and the absolute magnitude (H). The
objects appear in the order listed in Table 1 of Chapter 4.
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2. Magellan Photometry and Color Transformations
These plots represent the Magellan Koronis family member data set. The
photometry was obtained using Sloan g'r'i'z' filters, which have central wavelengths of
g'= 0.4686, r'=0.6165, i'=0.7481 and z'=0.8931 microns. This photometry sample and
its comparisons with asteroid spectra have been normalized to unity at 0.6165-microns.
As with the previous Kitt Peak photometry, each object is compared against the visible
spectra of two S-type Koronis family members, (158) Koronis [blue] and (243) Ida
[green], and Q-type near-Earth asteroid (1862) Apollo [red]. For each object two plots
will appear. On the left-hand side, the original photometry in Sloan filter wavelengths is
shown. The right-hand side features the attempted color transformation to Johnson-
Cousins values using the equations discussed in Chapter 4 from Jordi et al. (2006). All
reference spectra have been renormalized to unity at 0.55. The plot of each object is
accompanied by the date of observation, the visual magnitude at the time of observation
(V) and the absolute magnitude (H). The objects appear in the order listed in Table 1 of
Chapter 4.
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